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ABSTRACT
LASER SPECTROSCOPIC INVESTIGATIONS OF ORGANIC ALKOXY AND
PEROXY RADICALS
Md Asmaul Reza
October 31, 2019
Understanding the mechanism of combustion reactions is key for advancing internal
combustion engine design, improving the efficiency of ignition chemical reactions, and
reducing pollutant formation. In order to model the extremely complicated chemical
kinetics of combustion processes, it is critical to detect and identify transient reactive
chemical intermediates, particularly free radicals. Hence, it needs to be fully understood
the gas-phase chemistry of organic compounds in the lower atmosphere. Over the past fifty
years, parallel advancement in observational, experimental, and theoretical techniques,
tremendous strides have been made in our understanding of the role of organic compounds
in the atmosphere. Combustion chemistry is extremely complex, partly because of the large
number of reaction intermediates that are involved in the process. Here we propose laser
spectroscopic investigations of oxygen-containing combustion intermediates such as
alkoxy (ROˑ) and peroxy (ROOˑ) radicals. These investigations are aimed at elucidating
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the structures and dynamics of free radicals, which are generated by laser photolysis of
judiciously chosen precursors in a flow cell and supersonic jet expansion.
Spectroscopic interrogation of these species will be carried out using laser-induced
fluorescence (LIF) spectroscopy, disperse fluorescence (DF), and cavity ring-down (CRD)
spectroscopy. Vibrational structure of excited electronic states has been recorded using LIF
and UV/visible/near-IR CRDS techniques, whereas DF and mid-IR CRDS techniques can
be used to explore the vibrational structure of ground electronic states. Vibronic analyses
were performed for the experimental spectra with the aid of quantum calculations. Accurate
transition origin frequencies, excited and ground state vibrational frequencies, and FrankCondon factors were determined for different intermediates such as isobutoxy, 2-methyl1-butoxy, isopentoxy, 1-,2-,3-, and 4-methylcycholohexoy, and 1-,2-, and 3-methyl allyl
peroxy.
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Ã 2A' state fundamental vibrational levels. (Threshold for FCFs is 0.001.) ....................133
Table 6.6. Calculated vibrational frequencies (cm−1) of X̃-state 3-MCHO and FranckCondon factors (FCFs) for transitions from the vibrational ground level of its B̃ -state to X̃state fundamental vibrational levels. (Threshold for FCFs is 0.001.) ...............................135
Table 6.7. Calculated vibrational frequencies (cm−1) of X̃-state 2-MCHO and FranckCondon factors (FCFs) for transitions from the vibrational ground level of its B̃ -state to X̃state fundamental vibrational levels. (Threshold for FCFs is 0.001.) ..............................137
Table 7.1. Numbers of conformers and their calculated relative energies, energy separation
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CHAPTER I
INTRODUCTION

Laser spectroscopy is a powerful tool for the identification and diagnosis of chemical
reaction intermediates. It has been arguably the pre-eminent tool for the study of molecular
dynamics and chemical kinetics, which has greatly advanced our understanding of the
electronic structure and chemical reactivity. However, there still exist vast, unexplored
gaps in our knowledge that demand further investigation. A major experimental challenge
for the molecular spectroscopist is the generation of target molecular species in sufficient
quantities and under the appropriate conditions to permit their detailed study by highresolution methods. Particularly difficult are reactive species, mostly free radicals and
molecular complexes. Different transient species can be involved in chemical reactions as
intermediates. Spectroscopic identification of the intermediates provides information about
their structural as well as dynamical properties, which can be useful in quantifying the fate
of different species involved in the chemical reaction. Due to their transient nature and
presence of unpaired electrons, obtaining spectroscopic information of these important
species has been an experimental as well as a theoretical challenge. The advancement in
experimental techniques to isolate these species, laser technology, and quantum chemistry

1

calculations have made it possible to obtain spectroscopic identification of transient species
in recent times. These reactions affect atmospheric and combustion chemistry, both of
which affect almost every aspect of life on earth. Various intermediates, like alkyl alkoxy
and peroxy radicals, are involved in these chemical reactions.

1.1

Alkoxy Radicals

Alkoxy radicals (RO.) are important reaction intermediates in the combustion of fossil fuels
and the atmosphere, especially in the troposphere. 1-3 Spectroscopic study of the free
radicals namely substituted and unsaturated alkoxy and peroxy radicals can advance our
understanding of many important chemical processes, including combustion of fossil fuels
and biofuels in internal combustion engines, and oxidation of hydrocarbons in the
atmosphere and interstellar space.3-5 The oxidation of hydrocarbon is among the most
important chemical processes. In these oxidative processes, alkoxy radicals are often a
crucial intermediate that can react further via one of several mechanisms. The chemistry
of the alkoxy radicals has been well investigated.6-8 Figure1.18 shows the reaction
mechanism in hydrocarbon combustion at low-temperature between about 500 and 1000
K. Alkoxy radicals are formed by branching reaction. The oxidation of hydrocarbon is
initiated by hydroxyl (OH) radicals and formed peroxy radicals that can react and
decompose to produce alkoxy radicals. Also, in the presence of NO x, alkoxy radicals are
formed from alkanes in the troposphere predominantly by the following mechanism:

RO2 + RO2 → ROOR + O2 → 2RO

2

(1.1)

ROOH → RO + OH

(1.2)

RO2 + NO → RO + NO2

(1.3)

The reactions of the simplest oxygen-containing hydrocarbon, e.g., alkoxy (RO.)
and peroxy (ROO.) radicals are of considerable interest in atmospheric chemistry. 1,
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Recently open-chain alkoxy radicals- methoxy (CH3O.),10-20 ethoxy (C2H5O.),10, 21-24 and
isopropoxy (C3H7O.)25-27 have been studied extensively, and their spectroscopic
information has become available. While the smaller alkoxy radicals have drawn
significant attention, the spectroscopic study of larger alkoxy radicals is much sparser. It
was generally felt that the fluorescence quantum yield for the B̃ −X̃ transition would rapidly
decrease as non-radiative decay processes became dominant in the larger alkoxy radicals.
That perception began to change when LIF spectra of iso-butoxy, 2-methyl -1-butoxy,
isopentoxy t-pentoxy, 3-pentoxy, t-butoxy, and 2-butoxy were observed at near ambient
temperature.28-31
The reactions of alkoxy radicals in the atmosphere are significant and hence of great
interest. The most important reactions are decomposition, reaction with O 2 and
isomerization.1 Among many alkoxy radicals we have studied, isobutoxy, 2-methyl -1butoxy, and isopentoxy are especially interesting in dynamics studies because of its β C-C
bond scission. Most alkoxy radicals have multiple structural and conformational isomers.
It is well-known that the rate constants of alkoxy reactions can be highly sensitive to their
conformations in the ground and excited states. For instance, the energy barrier for the
isomerization of ground-state 1-butoxy (a 1,5 H-shift) is 3.6 kcal/mol lower than
decomposition, whereas the barrier of isobutoxy isomerization (a 1,4 H-shift) is 10.6
3

kcal/mol higher than that of decomposition.29 This is due to the fact that the isomerization
of isobutoxy occurs via a six-membered transition state, while the transition state of 1butoxy isomerization contains a five-membered ring that has higher strain energy and is
less stable. Eventual stable products of particular hydrocarbon oxidation are determined by
the competition between various potential reaction pathways of alkoxy radicals.
Cyclic-alkoxy radicals are another important reaction intermediates that still remain
unexplored despite those play significance roles in combustion fuels and the atmosphere.
For example, the cyclohexoxy radical is a key intermediate in the oxidation of cyclohexane,
which is an important constituent of automobile fuel. Among cyclic-alkoxy radicals, the
cyclohexoxy radicals and its substituted derivatives like methylcyclohexoxy (MCHOs) are
of special interest due to their particular stability of the six-membered ring structure and
complicated conformational behavior. 32 In addition, the cyclohexoxy radical, as well as
other cyclic alkoxy radicals, is a prototypical pseudo-Jahn-Teller (pJT) molecule. Analysis
of the vibronic structures of MCHO radicals helps to understand the coupling between
close-lying potential energy surfaces (PESs), including pJT and spin-orbit (SO) splitting.24,
33

The lowest three electronic states X̃, Ã, and B̃ of alkoxy radicals are well defined in the

literature.26, 32, 34, 35 Its two lowest electronic states can be separated by as low as 61 cm−1.
Essentially all alkoxy radicals can be treated as the alkyl substitution of the methoxy
radicals (CH3O.), which has C3v symmetry and is orbitally doubly degenerate. In the
primary, secondary and tertiary alkoxy radicals such as ethoxy, cyclohexoxy and MCHO,
the alkyl substitution reduces the molecular symmetry from C3v to Cs / C1 and removes the
orbital degeneracy. The X̃ 2E state of the methoxy radical therefore splits into two closelying states ( X̃ and Ã ) with A′ and A″ symmetry, which have the half-filled orbital of the
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oxygen-atom within the Cs plane (px) and perpendicular to it (py). the different alkyl groups
interact differently with the px and py orbitals, which results in different Ã−X̃ energy
separation between the lowest vibrational levels of these two states. The mechanism of
interaction between these two close-lying states is of significant theoretical interest.
Chemical kinetics and intramolecular dynamics of MCHOs, including alkoxy radicals, in
general, are also affected by these lowest-energy electronic states (X̃ and Ã ).
Conformation-specific studies of alkoxy radicals, especially that of the correlation
between their structures and their reactivities, are, therefore, of significant importance to
atmospheric chemistry. The dispersed fluorescence (DF) spectra of alkoxy radicals, which
elucidate the energy level structure of lower electronic states of the free radical. It is
therefore of interest to obtain the DF spectra of isobutoxy and make a comparison with the
other three isomers. The DF spectra of alkoxy radicals can also be used to test the
conformational assignment of the laser-induced fluorescence (LIF) spectrum previously
reported.
This situation began to change recently with reports of the laser-induced
fluorescence (LIF) spectrum of iso-butoxy, 2-methyl -1-butoxy and isopentoxy by Liang
et al.29 The observed LIF spectra for the electronic transition from B̃ ← X̃ state corresponds
to the promotion of one electron from σ orbital of the C-O bond to the half-filled nonbonding orbital of the O atom. However, they were failure to reported conformational
assignments by using their structured LIF spectra of iso-butoxy and 2-methyl-1-butoxy.
Furthermore, they did not assign their reported LIF spectrum of isopentoxy radicals. Also,
Lin et al.36 and Wu et al.37 reported the first observation of jet-cooled LIF excitation
spectra of all four MCHO isomer. Their spectra stimulated us to try to obtain simpler, jet5

cooled LIF and DF spectra of these species. Such spectra can give us valuable information
on the photo-physical and dynamical properties of these radicals.
We have studied the vibrational structure of the isopentoxy by jet-cooled LIF
spectroscopy. Also, we have studied the vibrational structures of the isobutoxy, 2-methyl 1-butoxy, isopentoxy, and MCHOs by jet-cooled DF spectroscopy. The recorded spectrum
has been analyzed and assigned on the basis of vibrational frequencies and Franck-Condon
factors (FCF) predicted by quantum chemical calculations. The intensity pattern and
spectral distribution of the vibronic transition in the DF spectra depend on geometry and
symmetry of X̃, Ã, and B̃ -states.

1.2

Peroxy Radicals

Understanding the mechanism of combustion reactions is critical for advancing internal
combustion engine design, improving the efficiency of ignition chemical reactions, and
reducing pollutant formation. In order to model the extremely complicated chemical
kinetics of combustion processes,3, 38 it is critical to detect and identify transient reactive
chemical intermediates, particularly free radicals. Many intermediates in fossil fuel
combustion, however, remain elusive or unidentified. Peroxy radicals (ROO·) are the single
most important reaction intermediates in low-temperature combustion because they initiate
the chain reactions.39, 40 In low-temperature combustion (<700 K), the mechanism of
peroxy radical formation begins with the abstraction of a hydrogen atom from the
hydrocarbon fuel (RH) by a hydroxyl radical (OH) to form an alkyl radical (R .). The alkyl
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radical undergoes a 3-body reaction with molecular oxygen to form an alkyl peroxy
radicals (RO2·).9, 39-42

OH + RH → H2O + R

(1.4)

R + O2 + M → RO2 + M

(1.5)

RO2 → QOOH
QOOH → QO + OH

(1.6)
(1.7)

Once the peroxy radical is formed, the reaction can branch in several ways, as shown in
Figure 1.1.8 HO2 can react with it yielding an alkyl hydroperoxide which can decompose
into an alkoxy radical and OH, or the peroxy radical can eliminate HO2 directly to give an
alkene. The isomerization of peroxy radicals leads to the formation of QOOH species. The
rate of QOOH formation is governed by how large the ring structure intermediate and the
type of the hydrogen atoms present (primary, secondary, tertiary). The formation of the
QOOH species can lead to a chain branching step in which two additional OH radicals are
formed along with an oxy radical.
Eventually, this will lead to an explosive increase in radical concentration,
oxidation rate, and temperature to give autoignition, or “engine knocking,” which is an
uncontrolled burn of the hydrocarbon fuel and the limiting factor in the thermodynamic
efficiency of the engine. In order to decrease engine knock the molecular structure of the
fuel must be considered with regard to preventing the peroxy radical isomerization to
QOOH.43-48 When more branched hydrocarbons are used in the fuel, hydrogen atom
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transfer will have to proceed through three and four-membered rings, which have high ring
strain and will prevent the formation of QOOH.
Peroxy radical chemistry is also important in the atmospheric oxidation of volatile
organic compounds (VOCs), such as alkanes. It is well known that their chemistry plays a
key role in the atmosphere for the formation of ozone (O 3), secondary organic aerosol
(SOA), and other secondary pollutants.39, 49-51 Approximately 1300 Tg of hydrocarbons are
emitted each year into the atmosphere from biogenic and anthropogenic sources. 52 The
oxidation of hydrocarbons in the atmosphere are initiated by OH or Cl·, which are also
present in the atmosphere and formed alkyl radicals. 53 The alkyl radical then reacts rapidly
with molecular oxygen in the presence of a third body (M, M-typically N2), which
stabilizes the peroxy radical product by collision. The peroxy radicals are involved in an
important reaction cycle of ozone production in the atmosphere, particularly in the
troposphere. For example, O3 can be produced in the troposphere, where it is considered a
pollutant, via peroxy radicals’ reaction with NO:

NO + RO2 → NO2 + RO

(1.8)

≥430 nm

NO2

→

NO + O

(1.9)

O(3P) + O2 + M → O3 + M

(1.10)

Peroxy radicals reaction with NO produces excess amounts of NO2 in the
troposphere, where it can be photolyzed by sunlight to generate oxygen atoms. The oxygen
atoms then react with molecular oxygen to produce tropospheric O 341,
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54

which, is

considered a health hazard. The second reaction of peroxy radicals with NO in the
troposphere can produce excess amounts of hydroxyl radical:

NO + RO2 → NO2 + RO

(1.11)

RO + O2 → R′C=O + HO2

(1.12)

HO2 + NO → NO2 + OH

(1.13)

OH + O3 → HO2 + O2

(1.14)

The OH radicals can then migrate from the troposphere to the stratosphere, where O 3 is
considered a filter against UV radiation, and reduce the amount of O 3 present putting our
health at risk.55
In addition to the atmospheric oxidation of alkanes by OH and Cl radicals, large
quantities of alkenes emitted into the atmosphere are readily oxidized by them as well and
undergo reactions that can pollute the troposphere. 54, 56-58 The double bond of an alkene
can be attacked by OH to give a hydroxy alkyl radical that can react with molecular oxygen
in a three-body reaction to yield hydroxyperoxy radicals. 59-65 Allyl group-containing
peroxy radicals are particularly important because they are generated in significant
quantities by the OH-initiated oxidation of isoprene, the most reactive and most abundant
non-methane biogenic hydrocarbon.66-69 It has been shown in Figure 1.272 that there are
four of the six possible isomeric peroxies formed in the early stages of isoprene
oxidation.70-72
The atmospheric oxidation of methyl allyl can also serve as a prototype for larger
alkenes, such as isoprene and other unsaturated hydrocarbons, which are emitted in even
9

higher quantities. After methane (emission rates of ∼600 Tg/yr),52 isoprene is the most
abundant hydrocarbon emitted into the atmosphere with global emission rates reaching
between 450-500 Tg/yr and an atmospheric concentration between 1-30 ppb.52, 73, 74 As
with other alkenes isoprene has a very high reactivity towards OH radical which adds
across a double bond followed by reaction of the resulting radical with molecular oxygen.
This is combined with the high concentration of isoprene in the atmosphere makes the
OH/O2+isoprene reaction a critical atmospheric process, and it has been the subject of
many theoretical and experimental studies. 60-62, 65, 70, 75-81
For many years the best way to spectroscopically observe peroxy radicals was to
probe their B̃ ← X̃ absorption located in the UV region. However, there is a considerable
disadvantage to using this transition to distinguish among different peroxy radicals. The B̃
← X̃ transition generally involves the promotion of an electron from the second-highest
occupied molecular orbital (HOMO-1) to the singly occupied molecular orbital (SOMO).
Hence, the B̃ ← X̃ transition involves the promotion of an electron from a bonding orbital
to an antibonding orbital so that when a peroxy radical undergoes a transition to the state,
the O-O bond dissociates82 (Figure 1.3). This gives rise to a repulsive B̃ -state potential
energy surface, and the resulting spectrum for all peroxy radicals is a broad featureless
absorption near 240 nm. This lack of any observable structure makes the UV transition a
poor diagnostic with which to identify different peroxy radicals. Alternatively, the Ã ← X̃
transition of peroxy radicals is located in the near-IR and is a HOMO to SOMO transition.
The HOMO of peroxy radicals is nonbonding along the OO bond Ã ← X̃ making the
transition a promotion of an electron from a nonbonding to antibonding orbital. Therefore,
the Ã-state is a bound state, and upon excitation, to the Ã-state, there is only a lengthening
10

of the O-O bond instead of complete dissociation. These qualities indicate that the Ã ← X̃
spectra of peroxy radicals will be structured and characteristic of a given RO2 radical. This
allows the differentiation among different peroxy radicals and makes the Ã ← X̃ transition
an excellent diagnostic with which to observe peroxy radicals. However, observing the Ã
← X̃ transition may be experimentally difficult as it is based on the highly forbidden
a1Δg−X̃ 3Σg− transition of the O2 chromophore.83 Consequently, the cross section for this
transition is ≈104 times smaller than the B̃ ← X̃ transition. Unfortunately, traditional
absorption experiments do not have the sensitivity to detect this weak transition. However,
the CRDS technique can be used to overcome the obstacle of studying a trace gas species
with a weak transition.
Laser spectroscopy is a powerful tool for identification and diagnostics of chemical
reaction intermediates; hence, it is of great importance to energy research. Different
experimental methods were used for the efficient detection of the alkoxy and peroxy
intermediates. LIF and DF techniques were used to identify different electronic states. LIF
and DF are a sensitive background free technique for probing fluorescing species. DF
spectra for the B̃ → X̃ and B̃ → Ã transitions of isobutoxy and 2-methyl-1-butoxy are
presented in Chapter (IV). LIF and DF spectra for the B̃ ← X̃, B̃ → X̃, and B̃ → Ã transitions
of isopentoxy is presented in the Chapter (V). In Chapters VI and VII, DF spectra for the
B̃ → X̃ and B̃ → Ã transitions of 1-, 2-, 3-, and 4-MCHO are discussed. Quantum chemical
calculations have been carried out to assist the identification of the spectral carriers and
simulation of experimentally obtained spectra, from which molecular parameters such as
electronic transition energies and vibrational frequencies of both electronic states can be
determined. These parameters, in return, can be used to benchmark the calculations.
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Notwithstanding the achievements, the capability of the current LIF/DF apparatus
is limited by the nature of the spectroscopic techniques and the laser sources available. In
order to gain a better understanding of the free radicals currently being studied in our lab
and to include more combustion intermediates into future spectroscopic investigations,
these limitations need to be overcome by employing new spectroscopic techniques and
radiation sources. Cavity ring-down spectroscopy (CRDS), being an absorption technique
with high sensitivity, is an ideal option. Because most molecules have absorptions due to
electronic transitions in the UV/visible region, even when the excited state is radiationless,
the absorption-based CRDS technique is more versatile than LIF/DF technique. Near-IR
CRDS spectrum for the Ã−X̃ transition methyl allyl peroxy radical is presented in Chapter
VIII.
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Figure 1.1. Schematic diagram for combustion of hydrocarbons taken from ref. [8].
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Fig. 1.2. Mechanism of peroxy radical formation from OH-initiated oxidation of isoprene.
The allyl peroxy functionality (highlighted in red) is achieved in four of the six possible
addition sequences taken from ref. [72].
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Figure 1.3. Methyl peroxy potential energy surfaces of the X̃, Ã and B̃ -states as a
function of ROO taken from ref. [83].
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CHAPTER II
EXPERIMENTAL METHODS

2.1

Laser-Induced Fluorescence (LIF) and Dispersed Fluorescence (DF)

Spectroscopy
Laser-induced fluorescence (LIF) and Dispersed Fluorescence (DF) technique coupled
with supersonic jet expansion have been used to study the B̃ ↔X̃ transition of various
primary,15, 28, 84, 85 secondary,28, 84 tertiary,84 and unsaturated86, 87 alkoxy radicals. Moderateresolution, as well as high-resolution spectra, have been obtained and analyzed to give
accurate transition energies, vibrational frequencies, and rotational/spin-rotational
constants.88,

89

It was therefore reasonable to try to obtain similar LIF, and DF

characterization of isobutoxy, 2-methyl-1-butoxy, isopentoxy and methyl substituted
cyclohexoxy radicals.

2.1.1

Introduction

LIF and DF spectroscopy was used to obtain spectra of fluorescing radicals and stable
species. In LIF spectroscopy, fluorescence emitted by a sample is collected as a function
of the probing laser wavelength. Depending on the electronic structure of a sample, it can
absorb laser radiation at specific wavelengths. Following absorption, the newly populated
16

excited states can decay back to the ground state through fluorescence. Fluorescence from
the sample is collected through a lens system perpendicular to the probing radiation and
focused on a photomultiplier (PMT) tube. The collection of fluorescence perpendicular to
the direction of the laser radiation minimizes the background signal detected by the PMT
from the scattered probing radiation. LIF spectroscopy provides high sensitivity due to its
background free nature.

2.1.2 Moderate Resolution LIF Experimental Setup
Figure 2.1 shows the schematic diagram for the LIF setup used for the alkoxy radicals
experiment. This setup is similar to the one described previously. 15, 28, 84, 90-92 The alkyl
nitrite was stored in a stainless-steel reservoir and expanded into a vacuum chamber
through a 0.5 mm pinhole nozzle with 200 psi of backing pressure of helium gas to create
a supersonic jet showing in figure 2.2. A 355 nm photolysis beam generated by the third
harmonic of an Nd:YAG laser (Continuum, Powerlite Precision II 8000) was focused at
the throat of the expansion to photolyze the O-NO bond of the nitrite precursor near the
orifice of the pulsed solenoid nozzle (General Valve, series 9). The free radicals produced
were excited to the B̃ electronic state by a frequency-doubled pulsed dye laser (Sirah,
Cobra-Stretch) pumped by the second harmonic (532 nm) of an Nd:YAG laser (SpectraPhysics, GCR-4) at about a 10 mm downstream distance. The UV probe laser beam was
generated by an Nd:YAG (532 nm) pumped dye laser with pyridine 1, pyridine 2, Styryl
8, and DCM (Exciton) laser dyes. The dye laser beam was frequency-doubled (by a KDP
crystal)) to provide a tunable output to scan in the 27000-32200 cm−1 frequency range. For
the LIF measurement, the fluorescence was focused onto a photomultiplier tube (PMT,
17

Hamamatsu, H10721-01). The PMT output was integrated by a boxcar averager (Stanford
Research System, SR250) and sent to a PC via an analog-to-digital converter card (AdLink,
PCI-9812). All the spectra were calibrated using a wavemeter (HighFinesse, WS-7). A
relative frequency error of < 1.00 cm−1 is expected in the low-resolution survey scans,
mainly due to uncertainty in the peak position of different vibrational bands.

2.1.3 Moderate Resolution DF Experimental Setup
In figure 2.1 shows the schematic diagram for the DF setup used for the isobutoxy, 2methyl-1-butoxy, isopentoxy, and methyl substituted cyclohexoxy radicals experiment.
The experimental setup used to obtain DF spectra has also been discussed in detail
elsewhere.34, 93-99. For the DF measurement, the fluorescence was focused on and dispersed
by a monochromator (Acton Research, SpectraPro 300i) with an 1800 grooves/mm grating
with 300 μm entrance size slit and then imaged onto an intensified charge-coupled device
(CCD, Princeton Instruments, PI-MAX 512). The image was collected using the WinSpec
software. The spectral resolution of the DF spectra is ~30 cm−1.

2.1.4 Radical Production Chemistry
The alkoxy radicals were produced by the photolysis of corresponding alkyl nitrites
(RONO) using the third harmonic of an Nd:YAG laser at 355 nm.
RONO + hν → RO +NO

18

(2.1)

Isobutyl nitrite was purchased from Sigma-Aldrich and used without further purification,
while 2- methyl-1-butyl nitrite, isopentyle nitrite, and methyl cyclohexyl nitrites were
synthesized by following well-established alkyl nitrite synthesis procedure described by
Blatt:100
H2SO4
ROH + HONO

~0° C

RONO + H2O

(2.2)

Briefly, the alkyl nitrite precursors were synthesized by the addition of sulfuric acid and
the appropriate alcohol to an aqueous solution of sodium nitrite. 25.1 ml of concentrated
(~97%) sulfuric acid was mixed with 100 ml of water. 0.75 mol of appropriate alcohol
(1,2,3,4-methylcyclohexanol, isopentanol, or 2-methyl-1-butanol) was added to the
sulfuric acid solution. Protons from the acidic solution can form hydrogen bonds with the
hydroxy group of the alcohol and make the hydroxy group a better leaving group (Eqn.
2.3).
ROH + H+ → ROHH+

(2.3)

The sulfuric acid and alcohol mixture was added dropwise to 100 ml of 0.7 M sodium
nitrite solution kept at 0°C over a period of about 120 minutes. The nitrite group then
removes the hydroxy group from the alcohol in a substitution reaction to give the alkyl
nitrite precursor (Eqn. 2.4).
ROHH+ + NO2- → RONO +H2O
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(2.4)

Alkyl nitrite was then separated from the aqueous layer using a separatory funnel. All the
chemicals for the synthesis were purchased from Sigma-Aldrich. There are minor
impurities, mainly solvent, but they were not expected to dissociate with the 355nm
photolysis laser. All observed LIF signals are dependent on the photolysis laser.

2.2

Cavity Ring-Down Spectroscopy (CRDS)

Alkyl peroxy radicals possess a strong B̃ −X̃ electronic transition in the UV, which has been
used to follow them in various kinetics experiments. However, the B̃ -state is dissociative,
leading to a broad and structure-less spectrum, as is characteristic of all peroxy radicals,
making the UV transition a poor diagnostic to selectively identify different peroxies or to
use to characterize the geometric and electronic structure of the molecule. 82, 101 Unlike the
B̃ -state, the Ã-state is bound. Thus, the Ã−X̃ transition yields spectra with a well-defined
structure allowing one to distinguish between different peroxy radicals as well as different
isomers and conformers of a given peroxy radical. Miller and coworkers have identified
several alkyl peroxy radicals via their Ã−X̃ electronic transitions in the near-infrared (NIR)
using CRDS.102 Moderate to high-resolution NIR-CRDS experiments have been performed
for several peroxy radicals to give accurate transition energies, vibrational frequencies, and
rotational constants.102-104 Thus, the CRDS technique was used to obtain the spectrum for
the Ã−X̃ transition of methyl allyl peroxy results of which are presented in Chapter VII of
this dissertation.
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2.2.1 Introduction
Cavity ring-down spectroscopy (CRDS) is a simple, highly sensitive direct absorption
technique based on the rate of absorption of light circulating in an optical cavity. CRDS
can be used to study atoms and molecules in the gas and condensed phase and is especially
powerful for measuring strong absorptions of species present in trace amounts or weak
absorptions of abundant species. The transmitted intensity follows the Beer-Lambert Law
I = I 0 .exp ( -σNL )

(2.5)

where I0 and I are the incidents and transmitted light measured before and after an
absorbing species, σ is the absorption cross section of the molecule at a given wavelength,
N is the number density of the absorber per unit volume, and L is the path length of light
through the absorber. The sensitivity of an experiment depends on the I 0, and I that means
how well I and I0 can be differentiated from each other. In a traditional single pass
absorption experiment, I and I0 are monitored as a function of wavelength. If one is
attempting to detect a species that absorbs very weakly and is present in small
concentrations, then traditional absorption experiments will not be successful because the
difference between I and I0 is undetectable. Hence, most absorption methods lack the
sensitivity needed to investigate weak absorption cross-sections and for low concentrations
of the absorbing molecule. Cavity ringdown spectroscopy (CRDS) is a modification of a
traditional absorption experiment that utilizes a multipass absorption technique to increase
the path length along a physically small dimension effectively.
In CRDS, light is coupled into a high finesse optical cavity made up of two highly
reflective mirrors, as shown in Figure 2.3. The fraction of light that is trapped within the
21

cavity is reflected back and forth between the two mirrors. At each reflection, a small
portion of light leaks out of the cavity and is detected. A very small portion of the trapped
photons leaks through each of the mirrors on each round trip. The light leaking out of the
cavity decreases exponentially with consecutive round trips, and the intensity of the
radiation leaked out is measured as a function of time and recorded. The decay curve of
the intensity as a function of time is fit to an exponential function, yielding the ring-down
time. Beer-Lambert law can be adapted to calculate the fractional loss of the intensity of
light in a cavity.
  loss   number of reflections 

I t =I 0 .exp - 

 ( number of round trips )

round trip

  reflection  


(2.6)

The number of reflections per round trip is 2, because of two mirrors in a cavity. The
number of round trips (n) in time t would then be given by

n=

tc
2L

(2.7)

Where L is the length of the ring down cavity, and c is the speed of light. If R is taken as
the reflectivity of the mirrors, then the loss per reflection would be (1-R). Eq. (2.7) can
then be modified as

 tc  
I t =I0 .exp - (1-R )   
 L 


(2.8)

The intensity of light (It) then decays with a time constant, viz, the empty-cavity ring-down
time, τ0, which is defined as the time for the intensity to decay to the 1/e of the initial
intensity (I0). In an empty cavity, τ0 is given by
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τ0 =

L/c
(1-R)

(2.9)

When an absorbing sample is introduced inside the cavity, the loss of intensity of light due
to absorption is given by

absorption loss= ( loss per round trip )( number of round trip ) = ( 2σNl )

tc
2L

(2.10)

Where l is the length of the absorbing sample inside the cavity which could be smaller or
equal to the length of the cavity L. The total loss in the intensity of light is then given by
tc
 tc 
 tc 
total loss= (1-R )   + ( σNl )   = (1-R ) + ( σNl ) 
L
L
L

(2.11)

Beer-Lambert law for a rind-down cavity with an absorber is therefore:

 tc  
I t =I 0 .exp  − (1-R ) +σNl    
 L 


(2.12)

The ring-down time of the cavity with the absorbing sample, τabs, is given by
τ abs =

L/c
(1-R ) +σNl

(2.13)

Eqn. (2.9) and (2.13) can be then be combined to give

σNl=

L 1
1 
- 

c  τ abs τ 0 

(2.14)

There are two main benefits of CRDS when compared with typical absorption
spectroscopy experiments. The first is the greatly increased effective path length and hence
the extremely high sensitivity. For a typical flow-cell CRDS experimental setup, L=l=0.5
m, R=99.995%, the empty-cavity ring-down time is 33 μs, and the effective path length is
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10 km. Thanks to the long path length, a minimum detectable absorption coefficient of
~0.3 ppm per pass can be achieved.
The second significant advantage of CRDS is the insensitivity to fluctuations in
incident radiation intensity. Unlike in traditional multipass absorption spectroscopy, in
which intensity of the transmission is used to determine the absorbance, in CRDS, it is
determined from change of the decay constant when the absorbing sample is introduced
into the cavity.

2.2.2 Room Temperature Experimental Setup
The apparatus for the room temperature experiment is represented in Figure 2.4. The
experimental setup used to obtain CRD spectra has also been discussed in detail
elsewhere.105-108 The required NIR radiation, around 1.3m, was generated by a Raman
shifting of the output of a dye laser in molecular hydrogen. The second harmonic of
Nd:YAG (PRO- 270, Spectra-Physics) is pumping a Sirah dye laser system with a 20 Hz
repetition rate. Operated with DCM laser dye (Exciton), the system produced 90-130
mJ/pulse of tunable radiation in the region of 605-640 nm with a linewidth of 0.6 cm−1.
Initial frequency calibration was performed with Ocean Optics Wave meter and was
typically within a 0.25 cm−1 from the dye laser dial reading. Dye laser resolution is limited
by the resolution of the dye laser grating. The output of the dye laser was focused by a lens
(f=50 cm) into a 93 cm long single Raman cell filled with 200-220 psi of H2. The output
radiation from the Raman cell was spectrally filtered using several 1.0 m cut-off longwave
filters (Corion LL-1000-F) to eliminate anti-stokes and 1st stokes radiation. The laser beam
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is collimated by a telescope consisting of two confocal lenses (f=7.5 and 2.5 cm) and before
being injected into the ring-down cavity. A 100 μm pinhole is placed at the focal point of
the telescope for mode selection. The resulting 1-2 mJ of the second stokes radiation in the
1.25-1.35m region was delivered to the ringdown cell through two 50 cm focal length
lenses. The ringdown cavity was fabricated of stainless steel and consisted of a 20 cm long
central part with two rectangular UV grade quartz photolysis windows and two 15 cm long
arms. The cavity ringdown mirrors (purchased from Los Gatos Research Inc.) were
positioned at the ends of the arms on adjustable mounts.
An ArF and KrF excimer laser (Lambda-Physik, LPX 120i) were used to provide
the 193 nm and 248 nm photons for photolysis. A set of diverging and converging
cylindrical lenses was used to reshape the photolysis laser beam cross section to a 12×0.5
cm2 rectangle. The fluence of the photolysis beam was measured to be ~50 mJ/cm2. A set
of diverging and converging cylindrical lenses was used to reshape the photolysis laser
beam cross section to a 12×0.5 cm2 rectangle. The fluence of the photolysis beam was
measured to be ~50 mJ/cm2. CRD mirrors (Los Gatos Research, R> 99.99%) were mounted
on both ends of the reaction cell to form a ring-down cavity with a length of L~55 cm. The
photolysis laser was sent through the photolysis quartz windows into the central part of the
flow cell, thereby determining the volume wherein radicals are created. Under this
condition, all infrared photons will interact with produced radicals, and radicals will be
distributed uniformly within the probe beam.
The outlet of the flow cell was connected through the needle valve to the vacuum
pump. The following procedure was used to determine the pumping speed. Pure nitrogen
and oxygen were introduced into the cell through a calibrated mass flow controller (MKS),
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and the pressure in the cell was measured against several readings of the flow controller.
The voltage from each mass-flow controller was sent to a digital display box. The slope of
the obtained pressure vs. gas flow dependence will represent pumping speed. N 2 gas flow
carried vapor of methyl-substituted allyl chloride precursors into the reaction cell.
Saturation vapor pressure of the precursors was controlled and stabilized by immersing
precursor reservoirs in a 1:1 water-ethylene glycol bath (about -10°C). Gas flow rates were
as follows: precursor in N2: 100-200 sccm; O2: 500-750 sccm. The partial pressure of the
N2 gas flow for purging the CRD mirrors and the UV side windows for the photolysis beam
was controlled by a needle valve to ~50 Torr, while the total pressure in the reaction cell
was ~150 Torr. The frequency of the dye laser was measured by a wavelength meter
(HighFinesse, WS-7, absolute accuracy=60 MHz). The linewidth of the near-IR radiation
is estimated to be about 1 GHz.109, 110 A Thorlabs InGaAs (CS10) photodiode was used to
detect the outcoming radiation in the 1.2-1.7 μm region.
Transmission of the near-IR radiation through the ring-down cavity was focused on
and detected with an amplified InGaAs photodiode (Thorlabs, PDA10CS) and recorded
with an oscilloscope (Tektronix, DPO3014). The empty-cavity ring-down time was ~150
μs. Averaged ring-down decay curves were sent to a PC and fit by a home-built LabVIEW
program. Ring-down decay curves were collected at each wavelength with the excimer
photolysis laser on and off. Absorption (in ppm/pass) recorded with the photolysis laser
off, i.e., absorption due to precursors was subtracted from that with the photolysis laser on
to obtain net absorption due to products. The time delay between the photolysis and the
CRD laser pulses can be varied for kinetic measurements. Lifetimes of MAOO · peroxy
radicals were measured to be ~1 ms.
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2.2.3 Peroxy Radical Production
Methyl allyl peroxy radicals were produced in a room-temperature stainless steel gas-flow
reaction cell by 193 nm or 248 nm photolysis of corresponding methyl-substituted allyl
chlorides in the presence of excessive O2. Three commercially available precursors were
used: 3-chloro-2-methyl-1-propene (97%, TCI), 3-chloro-1-butene (97%, Sigma-Aldrich),
and 75% 1-chloro-2-butene and 25% 3-chloro-1-butene mixture (TCI). Production of
methylallyl (MA) radicals by photolysis (Reaction 1) is followed by oxygen addition
(Reaction 2) to form the peroxy radicals ROO ∙, where Rˑ is the MA radical:
R-Cl

hν (λ =193 nm)

R. + O2

R. + Cl.

ROO.

(2.15)

(2.16)

The MAOO· radical has three isomers (1-, 2-, and 3-MAOO·’s). 193 nm photolysis of 3chloro-2-methyl-1-propene produces the 2-MA radical (Figure 2.5a). It is a resonance
hybrid with two contributing structures: CH2=C(CH3) CH2· and ·CH2C(CH3) =CH2.
Oxygen addition to either structure forms the 2-MAOOˑ radical.
When 1-chloro-2-butene or 3-chloro-1-butene is used as a precursor, the direct
photolysis products are 1-MA radicals with the unpaired electron at the primary
(CH3CH=CHCH2·) and secondary (CH3CH·CH=CH2) positions, respectively (Figures 2.5b
and 2.5c). These are two contributing structures of a resonance-stabilized free radical. The
nascent radicals produced by photolysis interconvert via allylic rearrangement:
k+r
.
CH3CH=CHCH2
CH3CH. CH=CH2
k-r
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(2.17)

Oxygen additions to both nascent MA radicals produced by photolysis and secondary free
radicals via allylic rearrangement are possible (Figures 2.5b and 2.5c). Terminal addition
produces 1-MAOO·:
CH3CH=CHCH2. + O2

k1-MAOO

CH3CH=CHCH2OO.

(2.18)

while non-terminal addition produces 3-MAOO·:

CH3CH.CH=CH2 + O2

k3-MAOO

CH3CHOO.CH=CH2

(2.19)

The population ratio of 1- and 3- MAOO· radicals produced is therefore determined by the
reaction rate constants (k±r, k1-MAOO, k3-MAOO) of Reactions 2.17-2.19. Note that we also
used 248 nm (KrF excimer) photolysis laser, but no CRD signal of MAOO · was observed.
All peaks observed in the CRD spectra that are assigned to MAOO· radicals depend on the
presence of the stable precursors and oxygen, 193 nm photolysis laser pulses, and delay
time between the photolysis and CRD laser pulses shorter than ~3 ms.
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Figure 2.1. Moderate-resolution LIF/DF apparatus.

Figure 2.2. Supersonic cooling
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Figure 2.3. Principle of Cavity ring-down spectroscopy.
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Figure 2.4. A schematic of Room Temperature CRDS apparatus.
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denote allylic rearrangement.

and 3-MAOOˑ radicals using either (b) 1-chloro-2-butene or (c) 3-chloro-1-butene as the precursor. Bidirectional arrows

Figure 2.5. Schematics of production of (a) 2-MAOOˑ radical using 3-chloro-2-methyl-1-propene as the precursor, and 1-

CHAPTER III
THEORY OF SPECTRAL SIMULATION

3.1

Introduction

Electronic spectra of polyatomic molecules are more complicated than those of the
diatomic molecules for various reasons. First, the number of vibrational modes in a
polyatomic molecule is 3N-6 (3N-5 in a linear molecule), where N is the number of
atoms in the molecule. Therefore, the larger the number of atoms in the molecule, the
larger the number of vibrational modes, and hence the more congested the electronic
spectrum is due to more vibronic (vibrational-electronic) transitions.

The spectral

congestion is further exacerbated by more complicated molecular geometry and often
lower molecular symmetry, which introduces more allowed vibronic transitions.
Moreover, polyatomic molecules usually have three rotational constants, whereas
diatomic molecules have only one rotational constant. (For diatomic molecules, the
two rotational constants for rotations around the two principal axes perpendicular to the
internuclear axis are identical). Usually, polyatomic molecules have larger moment of
inertia and, hence, smaller rotational constants than diatomic molecules. As a result, the
rotational levels o f medium to large-sized polyatomic molecules are so close to each
other that the rotational and fine structure of their vibronic transitions cannot be resolved
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using nanosecond pulsed lasers (typical linewidth ~0.1 cm−1). Finally, the spectra of
polyatomic molecules can be complicated by the existence of multiple conformations, as
we shall see in this Dissertation. It is, therefore important to review the basic theory and
methodology for prediction and simulation of vibronic spectra of polyatomic molecules. In
such spectral prediction and simulation, both the transition frequencies (i.e., transition
energies) and transition intensities need to be calculated, which we will discuss in the rest
of this chapter.

3.2

Energy Level Structure of Polyatomic Molecules

3.2.1 Born–Oppenheimer (BO) Approximation
The Born–Oppenheimer Principle (or Born–Oppenheimer Approximation) states that the
electrons in a molecule move so much faster than the nuclei that the two kinds of motion
are independent: the electrons see the nuclei as being stationary, and so each electron
doesn’t have to adjust its motion to maintain a minimized electron–nucleus interaction
energy. Thus, we can calculate the purely electronic energy of a molecule at different
molecular geometries, then the internuclear repulsion energy, and add the vibrational
energies of nuclei to get the total molecular energy. If we assume the nuclei and electrons
in a molecule to be point masses and neglect spin-orbit and other relativistic corrections,
then the molecular Hamiltonian can be written compactly by this equation
Hˆ = Tˆn + Tˆe + Vˆnn + Vˆen + Vˆee

(3.1)

The first two terms in Eq. (3.1) are the kinetic energy operators of the nuclei (Tn) and
electrons (Te), respectively, the third term is the potential energy of repulsion between the
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nuclei (Vnn), the fourth term is the potential energy of attraction between the electrons and
the nuclei (Ven), and the fifth term is the potential energy of repulsion between the electrons
(Vee).
The nuclear kinetic energy (Tn) can be separated from the total molecular Hamiltonian, the
rest terms of the molecular Hamiltonian (Eq. 3.1) can be written as Hel+Vnn, where Hel
=Te+Ven+Vee is the pure electronic Hamiltonian. The Schrodinger equation with Hel+Vnn is
(Hel+Vnn)Ψel=UΨel

(3.2)

In Eq. (3.2), U is the electronic energy, including internuclear repulsion. Under the BornOppenheimer Approximation, Ψel is a function of only electronic coordinates. Therefore,
the contribution of Vnn to molecular energy is a constant shift of all energy levels at each
molecular geometry. One can, therefore, further separate Vnn from the total molecular
Hamiltonian. Eq. (3.3) reduces to:
HelΨel=EelΨel

(3.3)

where Eel is the pure electronic energy of the molecule. Eel and Ψel can be solved ab initio,
followed by calculation of the vibrational energy level structure of each electronic state at
fixed nuclear coordinates.

3.2.2 ab initio Computations
Numerous calculations have been done to predict and simulate LIF and DF spectra of
alkoxy radicals and CRDS spectra of peroxy radicals. These computational data include i)
the B̃ −X̃ adiabatic excitation energies of alkoxy radicals and the Ã−X̃ adiabatic excitation
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energies of peroxy radicals, ii) vibrational modes and frequencies in all aforementioned
electronic states, especially the C−O stretch of alkoxy radicals and the O-O stretch of the
peroxy radicals; and iii) relative energies of different isomers and conformers of each
investigated molecule in their ground states. Density functional theory (DFT) method using
the B3LYP,111 or CAM-B3LYP112 functionals has been used for the ground electronic (X̃)
state calculations, while the B̃ state of alkoxy radicals and the Ã state of peroxy radicals
were calculated using the configuration interaction single (CIS) 113 and time depended (TD)DFT methods. For molecules with the Cs symmetry, the first excited state (the ground
state of its own symmetry) can be calculated using the DFT method with the HOMO and
LUMO orbitals of the unpaired electron swapped. (See Section 4.2) For low-lying
electronic states, the adiabatic excitation energy calculated using the DFT method is
significantly more accurate than those calculated using the CIS or TD-DFT method.
All calculations have been performed by the Gaussian09 program, 114 using standard basis
sets, including 6-31+G (d), 6-311+G(d,p).

3.2.3 Molecular Vibrations
In the research reported in the present dissertation, harmonic frequencies of vibrational
modes of involved electronic states are calculated ab initio. Energies of vibrational levels
of each electronic state with respect to the minimum of the potential energy surface (PES)
is, therefore:
Ev =

3 N −5 or 3 N -6


i =1

1
(vi + )hi
2
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(3.4)

where vi and υi are the vibrational quantum number and harmonic vibrational energy of the
ith vibrational mode, respectively. Usually, vibrational energies are given in the form of the
wavenumber and in the unit of cm–1. In this case, hυ is replaced by the harmonic frequency
ωe, and the wavenumber of a vibrational level with respect to the minimum of the electronic
state is:
Gv =

3 N −5 or 3 N -6


i =1

1
(vi + )e,i
2

(3.5)

In real molecules, the vibrational energy level structure is affected by the vibrational
anharmonicity. With anharmonicity, high-order terms are included in Eq. (3.5):
Gv =

3 N −5 or 3 N -6


i =1

1
1 2
1 3
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v
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(3.6)

Usually, we truncate the equation above after the first two terms in the squared brackets,
i.e., only the harmonic term and the first-order anharmonic correction (xeωe) are taken
into account. The energy separation between the v and the v+1 levels is, therefore:

Gv +1/2 = Gv +1 − Gv = e – 2e xe

(3.7)

The discrete values ΔGv+1/2 as a function of vi define a straight line (eq 3.7) with a y-axis
intercept of ωe and a slope of -2ωexe. This plot is called the Birge-Sponer plot. From fitting
the Birge-Sponer plot of experimental data, the harmonic frequency ωe and the
anharmonicity parameter xe can be determined.115, 116
To calculate the vibrational frequencies of a molecule, first, we need to find its equilibrium
geometry (within the Born-Oppenheimer approximation). Second, the potential energy
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surface (PES) is expanded in the Taylor series. The zeroth-order is defined as zero. The
first order is 0 because of the minimum energy condition. The calculation of second
derivatives of the potential energy surface leads to the molecular Hessian, which enables
the prediction of vibrational frequencies. 117
Note that every vibrational mode contributes to the zero-point energy (ZPE):
E0 =

3 N −5 or 3 N -6


i =1

1
hi
2

(3.8)

The ZPEs offset the v=0 levels of electronic states from the minima of their PESs and have
to be taken into account in calculating the adiabatic electronic transition frequencies (v′=0
← v′′=0).
3.3

Transition Intensity

The transition intensity between two energy levels is proportional to the line strength (S),
as well as the lower- and upper-state populations. For an excitation, i.e., an upward
transition:
I ∝S(N′′-N′)

(3.9)

where N′ and N′′ are the lower and upper state populations, respectively. For electronic
transitions, N′′>> N′. The equation above can be written as:
I ∝SN′′

(3.10)

The transition intensity is also proportional to the intensity of the excitation laser, if the
transition is not saturated. In our experiments, we use a constant excitation laser intensity
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whenever possible. Otherwise, the experimental spectra are normalized by the laser
intensity.

3.3.1 Separation of the electric transition dipole moment and the Franck-Condon Factor
The line strength (S) can be written by the following equation:
S ∝ (∫ Ψ ′ |μ̂|Ψ ′′ dτ)2

(3.11)

where Ψ′′ and Ψ′ are overall wave functions of the lower and upper states, respectively.
They are products of the electronic, vibrational, and spin wave functions. (Rotational and
nuclear spin wavefunctions are neglected in the present research.) Ψ= ΨeΨvΨs. μ̂ is the
molecular dipole moment (operator), consisting of the electronic and the nuclear
components, i.e., μ̂=𝛍𝐞 + 𝛍𝐍. under the Born-Oppenheimer Approximation, we can
separate the electronic and the nuclear wavefunctions. The spin wavefunctions are also
treated separately. Upon the separation of the electronic, vibrational, and spin
wavefunctions, Eq. (3.11) becomes

S ∝ (∫ ψ′e ψ′v ψ′s |(𝛍e + 𝛍N )|ψ′′e ψ′′v ψ′′s dτ)2

(3.12)

S ∝ (∫ ψ′v ψ′′v dτ ∫ ψ′e |𝛍e |ψ′′e dτ ∫ ψ′s ψ′′s dτ + ∫ ψ′e ψ′′e dτ ∫ ψ′v |𝛍N |ψ′′v dτ ∫ ψ′s ψ′′s dτ)2
(3.13)
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The second term in the parentheses in Eq. 3.13 vanishes under the Born-Oppenheimer
Approximation because electronic wavefunctions of different electronic states are
eigenfunctions of the pure electronic Hamiltonian Hel and, hence, orthogonal to each other.
The remaining (first) term

S ∝ (∫ ψ′v ψ′′v dτ ∫ ψ′e |𝛍e |ψ′′e dτ ∫ ψ′s ψ′′s dτ)2

(3.14)

is the product of three integrals. The first integral (∫ ψ′vψ′′vdτ) is the overlap integral
between the vibrational wavefunctions of the two states, and its square is called the Franck–
Condon factor. The second integral (∫ ψ′e|𝛍e|ψ′′edτ) is the electric transition dipole moment
between the upper and lower electronic states. The third integral (∫ψ′sψ′′sdτ) involves the
electron spin and leads to the spin selection rule of ΔS=0, where S is the electron spin.

3.3.2

Franck-Condon factor

To calculate the intensities of transitions between different vibrational states of two
electronic states, the Franck-Condon (FC) principle may be applied. 118,

119

When a

molecule undergoes an electronic transition, the nuclear configuration of the molecule
experiences no significant change because that nuclei are much more massive than
electrons, and the electronic transition takes place faster than the nuclei can respond. The
Franck-Condon principle is, therefore, also called the vertical transition principle.
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Due to the Franck-Condon principle. vibrational bands in an electronic transition vary in
intensity, in proportional to the square of the first integral (∫ ψ′vψ′′vdτ)2 in equation (3.14),
which is called the Franck-Condon factor (FCF) for the transition. Figure 3.1120 shows the
vibrational wave functions for some vibrational levels of two electronic states of a diatomic
molecule that have different values of Re, the internuclear distance at the equilibrium.
Consider a transition from the v′′=0 vibrational level of the ground electronic state to a
vibrational level of the excited electronic state. From the figure, we see that Ψ''v for v′′=0
and Ψ'v for v′=2 are both large at the same value of R; hence these two functions have
optimal overlap, and the v=2 ← 0 vibrational band of the electronic transition should be
the most intense band (in the absorption or excitation spectrum). Similarly, emission from
the v′ = 2 level of the excited electronic state gives an intense band for the transition to the
v′′=0 level.

3.2.3 Computation of Franck-Condon factors and the Duschinsky Mixing
In the research reported in the present dissertation, FCFs were calculated using the
ezSpectrum program.121 Due to the large difference in X̃-, Ã- and B̃ -state geometries,
Duschinsky rotations were taken into account in the calculation of FCFs to better reproduce
the experimental spectra, as explained below.
The normal coordinates of different electronic states of a molecule are usually
different due to different molecular geometries and force constants. Thus, electronic
transitions can cause mixing of normal modes, i.e., a specific normal mode of the excited
electronic state is a linear combination of two or more normal modes of the ground
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electronic state and vice versa. In the multi-dimensional space comprising of the normal
modes, this mixing is presented as a rotation of the normal coordinates. This phenomenon
was first considered by Duschinsky122 when extending the FC principle from diatomic to
polyatomic molecules. Duschinsky first proposed that the two sets of normal coordinates
are related to each other by a unitary transformation and a displacement vector. (See figure
3.2). The vector gives the displacement between the equilibrium structures of the two
states, and the unitary transformation matrix can be viewed as an overlap matrix between
the normal modes of the two electronic states.123 The closer the squares of the diagonal
elements are to unity, the more the normal modes are like each other in form and energy.
Large off-diagonal elements indicate a change in the energy ordering or mixing between
different normal modes. This mixing is the mathematical expression of a Duschinsky
rotation.

3.3.3 Boltzmann Distribution
The intensities of lines in a vibronic spectrum also depend on the population of the lower
state. For room-temperature experiments, the Boltzmann distribution is used to predict the
relative populations of different molecules, different isomers, and conformers of a certain
molecule, and different vibrational levels of a certain molecular species. The expression
for such calculation is:
𝑛𝑖
𝑛0

𝑔

= 𝑔 𝑖 𝑒 −𝐸𝑖 /𝑘𝑇
0

(3.14)

where n0 and ni are populations of the ground and the ith excited state, respectively. gi and
g0 are degrees of degeneracy of the two states. Ei is the relative energy of the ith excited
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state (with respect to the ground state). When multiple molecular species (including
conformers and isomers) co-exist, n0 refers to the ground state of the lowest-energy species,
while Ei is relative to this lowest state.
We can write the Boltzmann distribution as
𝑝𝑖 =

𝑔𝑖 𝑒 −𝐸𝑖 /𝑘𝑇

(3.15)

𝑞

where pi is the molar fraction of a molecule in state i, pi = ni/ntotal, where ntotal is the total
population of all molecular species (in all states). q is the molecular partition function:
𝐸𝑖

𝑞 = ∑𝑖 𝑔𝑖 𝑒 −𝑘𝑇

(3.16)

It is important to note that the application of the Boltzmann distribution assumes that
molecular species are at thermal equilibrium. In our experiments, free radicals are produced
from stable molecules. In the room-temperature CRD experiment (see Section 2.2.2),
thermal equilibrium is a fairly good approximation because of the relatively high
temperature and high pressure. Nascent free radicals reach the thermal equilibrium via
collision with buffer gas molecules (N2). In the jet-cooled LIF/DF experiments, free
radicals may be “trapped” in local maxima of the PES due to insufficient collisions with
the carrier gas molecules (He or Ar) before entering the collision-free zone, where they are
interrogated by the laser beam. Boltzmann distribution is, therefore, not a good
approximation for predicting relative populations in jet-cooled experiments.
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Figure 3.1. Franck–Condon principle energy diagram taken from ref. [119]. Since electronic
transitions are very fast compared with nuclear motions, vibrational levels are favored when
they correspond to a minimal change in the nuclear coordinates. The potential wells are shown
favoring transitions between v = 0 and v = 2.
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Figure 3.2. Duschinsky mixing between to normal modes can be presented as a rotation
1

2ℎ

1

of the vibrational normal coordinates. 𝑄 = 2𝜋 √𝜈𝜇 (𝑣 + 2) , where Q” and Q’ are the
normal coordinates of the ground state and the excited state, respectively. h is the
Planck’s constant, μ is the reduced mass, and v is the vibrational quantum number.
Adapted from ref. [121].
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CHAPTER IV
DISPERSED FLUORESCENCE SPECTROSCOPY OF JET-COOLED ISOBUTOXY
AND 2-METHYL-1-BUTOXY RADICALS

4.1

Introduction

Alkoxy radicals are important reaction intermediates in the combustion of fossil fuels 3 and
the atmosphere, especially in the troposphere.1, 2 Extensive investigations have been carried
out to explore the chemical kinetics involving alkoxy radicals. 6, 124-127 In the atmosphere,
alkoxy radicals are formed in the degradation of volatile organic compounds (VOCs)
typically initiated by reaction with an OH radical and in the presence of NO x. They can
undergo several reaction paths: reaction with O2, unimolecular dissociation (decomposition
by β C-C bond fission), and isomerization, for example, via a 1,5 H-shift. Alkoxy radicals,
therefore, constitute a critical branching point in the oxidation of VOCs.
Most alkoxy radicals have multiple structural and conformational isomers. It is well
known that rate constants of alkoxy reactions can be highly sensitive to their conformations
in the ground and excited states. For instance, the energy barrier for the isomerization of
ground-state 1-butoxy (a 1,5 H-shift) is 3.6 kcal/mol lower than decomposition, whereas
the barrier of isobutoxy isomerization (a 1,4 H-shift) is 10.6 kcal/mol higher than that of
decomposition. This is due to the fact that the isomerization of isobutoxy occurs via a six-
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membered transition state, while the transition state of 1- butoxy isomerization contains a
five-membered ring that has higher strain energy and is less stable. Eventual stable
products of particular hydrocarbon oxidation are determined by the competition between
various potential reaction pathways of alkoxy radicals. Conformation-specific studies of
alkoxy radicals, especially that of the correlation between their structures and their
reactivities, are, therefore, of significant importance to atmospheric chemistry.
Previously, Jin et al.34 reported dispersed fluorescence (DF) spectra of 1- and 2butoxies, in which vibrational structure of both the ground electronic ( X̃ ) state and the
first excited electronic ( Ã ) state revealed itself in the DF spectra, along with the energy
separation between the zero-point levels of these two states ∆EÃ−X̃. Significant differences
are observable when the DF spectra of these two isomers are compared: in the DF spectra
of 2-butoxy, there are fewer individual lines in the low-frequency region and lines become
broader and more congested in the high-frequency region when compared to 1-butoxy.
Such differences are attributed to the smaller Ã−X̃ separation for 2-butoxy than 1-butoxy,
which was also used to explain the more irregular vibrational progressions in 2-butoxy.
Recently, our group observed the DF spectra of t-butoxy. Because of its high
symmetry (C3v), the ground electronic state of t-butoxy is orbitally doubly degenerate,
albeit split by the spin-orbit interaction to two components (X̃ 2E3/2 and X̃ 2E1/2) with their
zero-point levels separated by 36 cm−1. The ground state of t-butoxy is also subject to the
Jahn-Teller (JT) effect that couples the two degenerate vibronic state |evx⟩ and |evy⟩.
Despite such complications, it was possible to assign almost all observed DF lines aided
by vibrational frequencies and Franck-Condon factors (FCFs) calculated by the complete
active space self-consistent field (CASSCF) method.
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It is therefore of interest to obtain the DF spectra of isobutoxy (2-methyl-1propoxy), the first target molecule of the present work, and make comparison with the other
three isomers. Experimentally observed DF spectra elucidate the energy level structure of
the X̃ and Ã states and can be used to test the conformational assignment of the laserinduced fluorescence (LIF) spectrum previously reported by Liang et al.,29 in which five
vibronic bands of the B̃ ← X̃ transition were observed. Because no rotational structure was
resolved in the LIF spectrum, the conformational and vibrational assignments completely
relied on ab initio calculations. Comparing between DF spectra obtained by pumping
different vibronic bands in the LIF spectrum, one can differentiate LIF peaks of different
conformers. Furthermore, comparison between the experimentally obtained transition
frequencies in DF spectra and the calculated ground-state vibrational frequencies of
different conformers allows a more reliable conformational assignment than that based on
the comparison between LIF spectra and the calculated excited-state vibrational
frequencies because calculations of ground-state vibrational frequencies are in general
more accurate than the excited state. The DF spectra may also reveal the Ã−X̃ separation
directly.
Chemical reactivities and branching ratios can also be affected by methyl
substitution. In addition to isobutoxy, Ref. [29] reported the LIF spectrum of 2-methyl-1butoxy. Because of the longer carbon-chain than isobutoxy, a six-membered transition state
for 1,5 H-shift is possible for 2-methyl-1-butoxy. Different branching ratios between the
different reaction pathways are therefore expected for 2-methyl-1-butoxy and isobutoxy. It
would also be interesting to compare the energy level structure of 2-methyl-1-butoxy to
that of 1-butoxy and 2-butoxy, which may provide more information that will help explain
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the difference between their DF spectra. DF spectra of 2-methyl-1-butoxy were therefore
obtained in the present work as well.
4.2

Quantum Chemical Calculations

Previously, geometry optimization and frequency calculation of both the X̃ and B̃ states of
different conformers of isobutoxy and 2-methyl-1-butoxy radicals were performed using
the Density Functional Theory (DFT) and CASSCF methods and the results were used for
assignment of LIF spectra.29 We have carried out same quantum chemical calculations in
order to predict the Franck-Condon factors (FCFs) and simulate the B̃ −X̃ and B̃ −Ã DF
spectra. It was found that simulation using the DFT results reproduce the experimental
spectra significantly better than the CASSCF results. All simulations reported in the present
paper, therefore, use the DFT-calculated results at the B3LYP/6-31+G(d) level of theory
for the X̃-state. The B̃ state geometry and vibrations were calculated using the
Configuration Interaction Singles (CIS) method with the 6-31+G(d) basis set.
In the DF spectra, the energy separation between the X̃ and Ã states (∆EÃ−X̃) may
be observed directly (section 4.1.3). For molecules with Cs symmetry, this separation can
be predicted from quantum chemical calculations by demanding the unpaired electron
occupy either of the 2pπ orbitals localized at the oxygen atom: an unpaired electron in the
px orbital (within the Cs plane) corresponds to an A' state, while the py orbital (out of the
Cs plane) is half-filled in an A'' state. For isobutoxy, only one of its two conformers has Cs
symmetry. The calculations predict that its ground electronic ( X̃ ) state has A'' symmetry
whereas the first excited state ( Ã ) is of A' symmetry. The energy separation between these
two states has been found to be 401 cm−1 without zero-point energy (ZPE) corrections. The
2-methyl-1-butoxy radical does not have Cs conformers. Hence no calculation of its ∆EÃ−X̃
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was attempted.
All DFT and CIS calculations were performed using the Gaussian09 package. 128
FCFs and transition intensities were predicted using the ezSpectrum software. 121 Due to
the significant difference between the X̃ / Ã and the B̃ state geometries, especially the large
increase in the CO bond length upon excitation (e.g., from 1.37 to 1.56 Å for isobutoxy),
the Duschinsky rotation was taken into account in simulating the DF spectra. 122, 123, 129

4.3

Results

DF spectra were obtained by pumping four vibronic bands of isobutoxy in its LIF spectrum
(Bands A-D) and two LIF bands of 2-methyl-1-butoxy radicals (Bands A and B). The LIF
bands are labeled following ref. [29] Their transition frequencies are listed in Table 4.1.

4.3.1 Isobutoxy
4.3.1.1 Conformational Assignment
DF spectra of isobutoxy are shown in Figure 4.1. Spectra obtained by pumping Band B, C,
and D are similar to one another, all dominated by a vibrational progression of strong sharp
peaks separated by ∼1000 cm−1. DF spectrum pumping Band A is significantly different.
Although it also contains a progression, each member of the progression consists of
multiple strong peaks. Furthermore, the first strong peak with a nonzero redshift (the
second in the vibrational progression, i.e., ν = 1) in the DF spectrum obtained by pumping
band B does not match any of the peaks in the second member of the progression that is
seen in the DF spectrum obtained by pumping band A (Figure 4.5). Bands B−D and band
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A are therefore assigned to different conformers of the isobutoxy radical.
Isobutoxy has two stable conformers, with Cs and C1 symmetry. In Figure 4.2,
simulated DF spectra of the B̃ → X̃ transitions of the two conformers are compared with
the spectra that were obtained experimentally by pumping bands A and B in the LIF
spectrum. Although the DF spectrum obtained by pumping band A (at 28091 cm−1) is
relatively more complicated, an excellent match has been found between the experimental
spectrum and the one simulated using the calculated vibrational frequencies and FCFs of
the Cs conformer. The simulated spectrum for the C1 conformer reproduces the strong
features in the experimental spectrum obtained by pumping band B (at 28787 cm−1). A
better match could be reached if anharmonicity was taken into account (see below). On the
basis of the comparison between the experimental and simulated spectra, bands A and B
(the first two LIF peaks of isobutoxy) are assigned as the origin bands of the Cs and C1
conformers, respectively.

4.3.1.2 Vibrational Assignment
DF spectra obtained by pumping bands A and B are both dominated by strong vibrational
progressions starting from the zero redshifts. For the spectrum obtained by pumping band
B (origin band of the C1 conformer), a linear fit of the ground-state vibrational energy level
separation [ΔG(ν)] yields a harmonic frequency of ωe = 1060 ± 5 cm−1 and an anharmonic
parameter of ωeχe = 5.6 ± 0.8 cm−1 (Table 4.6 and Figure 4.6). In comparison, the calculated
harmonic frequency of the CO stretch mode of the C1 conformer is 1073 cm−1. The strong
peaks in the spectrum are therefore assigned to the CO stretch progression. This is
consistent with the prediction that the DF spectra of alkoxy radicals have strong CO stretch
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transitions because of the elongation of the CO bond upon B̃ ← X̃ excitation, which results
in large FCFs for transitions to the CO stretch levels.
Bands C and D are also assigned to the C1 conformer. Although all are dominated
by a strong progression, the most noticeable difference between the DF spectrum obtained
by pumping band B and those obtained by pumping bands C and D is that the strong
progressions in the latter do not start from the zero redshift B̃ → X̃ origin band but rather
from a low-frequency DF peak, labeled bands “c” and “d” in Figure 4.1. Therefore, if the
DF spectra pumping bands C and D are blueshifted by the vibrational frequencies of bands
c and d, respectively, the strong progressions in these two spectra will line up with the
progression in the DF spectrum pumping band B, as shown in Figure 4.3. It is worth noting
that the vibrational interval of band c (129 cm−1) is almost identical to that of band C (130
cm−1), while the vibrational interval of band d (258 cm−1) is close to that of band D (238
cm−1). Bands c and C are therefore assigned to the same vibrational mode (−CH 2O
wagging; see Figure 4.7a) of the X̃ and the B̃ states, respectively. In the same way, bands d
and D are assigned to the in-phase CH3 torsional mode of the two states (Figure 4.7b).
Progressions in the DF spectra pumping bands C and D are combination bands of CO
stretch and the pumped vibrational modes. Such a phenomenon was observed in the DF
spectra of cyclohexoxy35 as well as 2-, 3-, and 4- methylcyclohexoxy93 (but not 1methylcyclohexoxy) and is an indication of large Duschinsky rotation upon excitation from
the X̃ state to the B̃ state because of the large elongation of the CO bond and Duschinsky
mixing between the CO stretch and certain non-CO stretch vibrational modes.122, 123
For the DF spectrum obtained by pumping the Cs conformer origin band (band A),
each member of the vibrational progression consists of multiple strong peaks. The second
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member of the CO stretch progression (ν = 1) consists of two strong peaks that are
reproduced in the simulation as well as several weaker peaks. Inspection of the calculated
vibrational modes shows that the two strong peaks (1010 and 1078 cm−1, labeled “y” and
“z” in Figure 4.2) can be assigned to vibrational modes with strong CO stretch character
but mixed with the umbrella modes (ν14 and ν13). The relatively weak peak at 940 cm−1
(peak x in Figure 4.2) is attributed to a vibrational mode that mixes the CH3 scissor and the
C−C stretch (ν15), while the weak peak at 824 cm−1 (peak “w” in Figure 4.2 and not
reproduced in simulation) is attributed to the umbrella mode involving all four carbon
atoms (ν16). (See Figure 4.8 for vibrational modes and calculated frequencies.) DF peaks
in other members of the progression can be assigned to overtones and combinations of
these four vibrational modes. Weak transitions between members of the CO stretch
progression are combination bands of CO stretch modes and other low-frequency
vibrational modes according to simulation.
Frequencies of strong transitions in the DF spectra of isobutoxy are summarized in
Tables 4.2 and 4.3 and compared with the calculated values. Vibrational modes observed
in the DF spectra are illustrated in Figures 4.7 and 4.8 for the C1 and Cs conformers,
respectively.

4.3.1.3 Ã−X̃ Separation
When the origin band of the Cs conformer (band A) is pumped, there is a peak at a 426
cm−1 redshift in the DF spectrum that is not reproduced in the simulated B̃ → X̃ spectrum
(Figure 4.2). DFT calculations predict an Ã−X̃ separation of 401 cm−1 for the Cs conformer.
The DF peak at 426 cm−1 is therefore assigned to the origin band of the B̃ → Ã transition
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of the Cs conformer. Similarly, the weak peak at a 373 cm−1 redshift in the DF spectrum
obtained by pumping band B is assigned to the origin band of the B̃ → Ã transition of the
C1 conformer.
4.3.2

2-Methyl-1-butoxy

DF spectra were recorded by pumping bands A (at 28097 cm−1) and B (at 28721 cm−1) in
the LIF spectrum of 2-methyl-1-butoxy (Figure 4.4). Both spectra are dominated by two
strong progressions. The redshift frequencies, however, are different for the two spectra,
which suggests the assignment of bands A and B to two different conformers.
2-Methyl-1-butoxy has nine conformers.29 The conformers are named according
to their OC2C3C4 and C2C3C4C5 dihedral angles. DFT calculations predict that the two
lowest-energy ones are the G1T2 and the T1T2 conformers, with the latter being 0.05
kcal/mol higher in energy than the former. The next lowest-energy conformer (T1G2′) is
significantly higher in energy (0.24 kcal/mol higher than G 1T2). Hence, the B̃ → X̃ DF
spectra of G1T2 and T1T2 conformers were simulated and are compared with
experimentally obtained spectra in Figure 4.4. Experimentally, broadening and congestion
of lines are more significant in the DF spectrum obtained by pumping band A than that for
band B. In simulations, the spectrum of T 1T2 has strong transitions to two vibrational
modes (ν30 and ν28), both of which have CO stretch character but are mixed with the C−C
stretch modes. These two transitions are consistent with the two partially resolved peaks at
1017 and 1078 cm−1 observed in the DF spectrum obtained by pumping band A (labeled y
and z in Figure 4.4). On the contrary, in the simulated DF spectrum of G 1T2, only a single
strong CO stretch transition (ν28) is predicted for each member of the progression,
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corresponding to the strong peak at 1053 cm−1 in the DF spectrum obtained by pumping
band B. Band A is therefore assigned to the T 1T2 conformer and band B to the G1T2
conformer. In both cases, DFT calculations predict CO stretch frequencies with high
accuracy. For the G1T2 conformer, a linear fit of the first four ground-state vibrational
energy levels yields a harmonic frequency of ωe = 1075 ± 8 cm−1 and an anharmonic
parameter of ωeχe = 9.2 ± 1.5 cm−1 (Table 4.7 and Figure 4.9), compared to the calculated
value of 1053 cm−1.
Members of the second (higher-frequency) progressions in DF spectra of both
conformers of 2-methyl-1-butoxy have a constant separation with respect to those of the
CO stretch progression. They are assigned to combination bands of the CO stretch and
other non-CO stretch modes based on FCF calculations, although their intensities are
underestimated by the calculations. According to the FCF calculations, the strongest
transitions in the second progression in the DF spectrum of the T 1T2 conformer are
combination bands of the CO stretch and the C2C3C4 bending mode (ν43), while those in
the DF spectrum of the G1T2 conformer are combination bands of the CO stretch and
methyl torsional modes (ν43 and ν42). (See Figures 4.10 and 4.11 for vibrational modes and
calculated frequencies.)
Frequencies of strong transitions in the DF spectra of 2- methyl-1-butoxy are
summarized in Tables 4.4 and 4.5 and compared with the calculated values. Vibrational
modes observed in the DF spectra are illustrated in Figures 4.10 and 4.11 for the T1T2 and
G1T2 conformers, respectively.

4.4

Discussion
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In the present work, for both isobutoxy and 2-methyl-1-butoxy radicals, bands A and B in
the LIF spectra are assigned to origin bands of two different conformers because of the
difference in the DF spectra obtained by pumping these two bands. On the contrary, Liang
et al.29 assigned all vibronic peaks observed in the LIF spectrum of each radical to a single
conformer. In their work, A bands were assigned to the B̃ ← X̃ origin bands of the lowestenergy conformers (the C1 conformer of isobutoxy and the G1T2 conformer of 2-methyl-1butoxy), while B bands were assigned to transitions to the CO stretch fundamental level of
the B̃ state. These assignments were made based on two facts: first, the differences between
the B̃ ← X̃ transition frequencies for the two lowest-energy conformers calculated by the
CASSCF method are significantly smaller than the separation between bands A and B.
Such a discrepancy, therefore, does not support the assignment of bands A and B to two
different conformers. Second, the separations between bands A and B (697 cm−1 for
isobutoxy and 624 cm−1 for 2-methyl-1-butoxy) are close to the calculated excited-state CO
stretch frequencies (674 cm−1 for isobutoxy and 663 cm−1 for 2-methyl-1-butoxy).
Although the unambiguous assignment is typically not possible until rotationally resolved
LIF spectra are obtained, the experimentally observed DF spectra provide a good
foundation for the two-conformer assignment in the present work. We would also like to
point out that CASSCF calculations provided extremely accurate predictions of the excitedstate CO stretch frequencies for t-butoxy,130 544 cm−1 (calculated) vs. 543.9 cm−1
(experimental), because this state, unlike the ground electronic (X̃ 2E) state, is not subject
to strong vibronic interaction. In the present case, the calculated CO stretch frequencies of
the isobutoxy and 2-methyl-1-butoxy radicals may not be close enough to the separations
between bands A and B, for both radicals, to serve as a strong support to the single-

57

conformer assignment. Furthermore, prediction of the adiabatic B̃ −X̃ transition frequencies
by the CASSCF method might not be accurate enough to guide the conformational
assignment because the lower state ( X̃ ) is semi-degenerate with and strongly perturbed by
the first excited state ( Ã ).
Reassignment of B bands from transitions to the CO stretch levels of the lowestenergy conformers to the origin bands of the second-lowest-energy conformers necessitates
the reassignment of bands C, D, and E of isobutoxy. As discussed in section 4.1.2, bands
C and D in the LIF spectrum are transitions to the same vibrational modes as bands c and
d in the DF spectrum, respectively, although their relative frequencies might be slightly
different because bands C and D correspond to vibrational modes in the B̃ state while bands
c and d correspond to vibrational modes in the X̃ state. In comparison to DFT (for ground
state) and CASSCF and CIS (for excited state) calculations, band C (as well as band c) is
assigned to the −CH2O wagging mode calculated to be 132 cm−1 by the CIS method.
Although an antisymmetric mode, this is a pseudo-JT mode that couples the two lowest
electronic ( Ã and X̃ ) states, hence the observation of the LIF transition. Band D (as well
as band d) is assigned to the in-phase torsional mode of the two methyl groups calculated
to be 254 cm−1. Assignments of the LIF bands are summarized in Table 4.1. A DF spectrum
pumping band E (ν̃E = ν̃B + 428 cm−1 ) was also obtained (Figure 4.12), which suggests that
the carrier of band E is formaldehyde. It is well-known that formaldehyde can be generated
via β C−C bond fission of highly excited alkoxy radicals produced with 355 nm laser
photolysis under jet-cooled conditions.131
Comparing between the two free radicals investigated in the present work, DF
spectra of both conformers of isobutoxy contain sharp lines, while transitions in the DF
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spectra of 2- methyl-1-butoxy are broadened. Similarly, lines in the previously reported
DF spectra of 2-butoxy were significantly broader than 1-butoxy,34 which was attributed
to the smaller Ã−X̃ separation of 2-butoxy when compared to 1-butoxy, and hence stronger
vibronic interaction between the Ã- and X̃-states. In the present work, the Ã−X̃ separation
has been determined to be 373 cm−1 for the C1 conformer of the isobutoxy radical and 426
cm−1 for its Cs conformer, both of which are larger than those of 1-butoxy conformers: 271,
292, and 129 cm−1 for its T1G2, T1T2, G1T2 conformers, respectively. B̃ → Ã transitions
were not observed in the DF spectra of 2-methyl-1-butoxy probably because its Ã−X̃
separation is smaller than the experimental resolution, which implies that its Ã−X̃
separation is even smaller than that of the 2-butoxy radical (55 cm−1 for its T conformer).
The addition of a methyl group to the isobutoxy radical, therefore, significantly reduces the
energy separation and enhances vibronic interaction between the X̃ and Ã states, which are
characterized by different half-filled pπ orbitals (px and py). The present results, therefore,
support the hypothesis that line broadening in the DF spectra of alkoxy radicals is at least
partially due to vibronic interaction between the nearly degenerate X̃ and Ã states. DF
spectra of both conformers of isobutoxy are simpler when compared to those of t-butoxy,120
which contain not only progressions of the CO stretch and its combination bands but also
transitions to asymmetric vibrational levels that are usually forbidden by symmetry and
allowed in the DF spectra of t-butoxy because of the JT effect. Recent high-resolution
spectroscopy investigations revealed both similarities and differences between the
rotational and fine structure of the JT molecules (e.g., t-butoxy) and pseudo-JT molecules
(e.g., isobutoxy).33, 132 It would be interesting to compare the vibronic structures of these
two types of molecules. Such investigation, however, is out of the scope of the present
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dissertation.

4.5

Conclusions

DF spectra of isobutoxy and 2-methyl-1-butoxy radicals were obtained by pumping
different vibronic bands in their LIF spectrum. In all cases, the DF spectra are dominated
by CO stretch progressions when the origin bands are pumped and by the progression of
combination bands of CO stretch and the pumped modes when other non-CO stretch bands
are pumped. Simulated spectra using calculated vibrational frequencies and CFCs well
reproduced the DF spectra. Differences tween DF spectra obtained by pumping different
vibronic bands suggest that for both free radicals, at least two lowest-energy conformers
are generated by 355 nm photolysis under jet-cooled conditions.
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Table 4.1. Vibronic bands in the LIF spectra of isobutoxy and 2-methyl-1-butoxy reported
in reference [29] and their assignments based on DF spectra and calculations obtained in
the present work.

a

Calculated at the CIS/6-31+G(d) level of theory.

b

Transition of formaldehyde.
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Table 4.2. Assignment of transitions in the DF spectrum of the Cs conformer of the
isobutoxy radical by pumping its origin band A (Figure 4.1).a

a

Experimentally obtained vibrational intervals are compared to calculated X̃-state

vibrational frequencies (in cm−1). Vibrational modes are numbered following the Herzberg
convention. FCFs for the B̃ → X̃ transitions are calculated using the ezSpectrum software
with a threshold of 0.0001.
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Table 4.3. Assignment of transitions in the DF spectrum of the C1 conformer of the
isobutoxy radical by pumping its origin band B (Figure 4.1).
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Table 4.4. Assignment of transitions in the DF spectrum of the T 1T2 conformer of the 2methyl-1-butoxy radical by pumping its origin band A (Figure 4.4).

a

Center frequency of partially resolved peaks.
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Table 4.5. Assignment of transitions in the DF spectrum of the G 1T2 conformer of the 2methyl-1-butoxy radical by pumping its origin band B (Figure 4.4).
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Table 4.6. Experimentally determined ground-state vibrational energy levels G(ν) of the
CO stretch progression (in cm−1) of the C1 conformer of the isobutoxy radical. ∆G(ν) =
G(ν)−G(ν −1).

Table 4.7. Experimentally determined ground-state vibrational energy levels G(ν) of the
CO stretch progression (in cm−1) of G1T2 conformer of the 2-methyl-1-butoxy radical.
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Figure 4.1. DF spectra of the isobutoxy radical. The asterisked peak is due to scattering
of the 355 nm photolysis laser. Numbers in parentheses are LIF excitation frequencies.
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Figure 4.2. Comparison between the simulated DF spectra of the Cs and C1 conformers
of the isobutoxy radical (blue) and the experimentally obtained ones by pumping bands
A and B in the LIF spectrum (red).
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Figure 4.3. DF spectra of the isobutoxy radical obtained by pumping LIF bands B–D.
The spectra obtained by pumping vibronic bands other than the origin (band B) are
blue-shifted by the X̃-state vibrational frequency of the pumped mode so that the DF
bands to the X̃-state vibrational levels are aligned.
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Figure 4.4. DF spectra of 2-methyl-1-butoxy radical (red) compared with simulation
(blue). The asterisked peak is due to scattering of the 355 nm photolysis laser.
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Figure 4.5. Comparison between the second members of the CO-stretch progression in
the DF spectra of the isobutoxy radical by pumping Bands A and B in the LIF spectrum.
Difference in transition frequencies of the observed DF peaks supports a two-conformer
assignment.
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Figure 4.6. Determination of the harmonic frequency (ωe) and the anharmonic
parameter (ωeχe) of the X̃-state CO stretch of the C1 conformer of isobutoxy. G(ν) is the
vibrational energy of the νth member of the CO-stretch progression.
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Figure 4.7. Vibrational modes of the C1 conformer of isobutoxy. a) -CH2O wagging
mode (ν36), to which Bands C (in the LIF spectrum) and c (in the DF spectra) are
assigned. b) in-phase CH3 torsional mode (ν34), to which Bands D (in the LIF spectrum)
and d (in the DF spectra) are assigned. In parentheses are calculated vibrational

frequencies in cm−1. Unprimed and primed labels are used to denote the X̃- and B̃ -state
vibrational modes, respectively.
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Figure 4.8. X̃-state vibrational modes of the Cs conformer of isobutoxy. a) ν16 (umbrella
mode), b) ν15 (mixture of CH3 scissoring and C-C stretch modes), c) ν14, and d) ν13. ν14
and ν13 are mixtures of CO stretch and the umbrella modes.
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Figure 4.9. Determination of the harmonic frequency (ωe) and the anharmonic
parameter (ωeχe) of the X̃-state CO-stretch of the G1T2 conformer of 2-methyl-1-butoxy.
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Figure 4.10. X̃-state vibrational modes of the T1T2 conformer of 2-methyl-1-butoxy. a)
ν43 (C-C-C bending mode), b) ν30, and c) ν28. ν30 and ν28 are mixtures of CO-stretch and
the C-C stretch modes.

Figure 3.11 X̃-state vibrational modes of the G1T2 conformer of 2-methyl-1-butoxy
radical. a) ν43 (C3-position methyl torsional mode), b) ν42 (C4-position methyl torsional
mode) and c) ν28 (CO-stretch mode).
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Figure 4.12. DF spectra of the isobutoxy radical by pumping Band E in its LIF
spectrum, which suggests that the molecular carrier of Band E is formaldehyde.
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CHAPTER V
LASER-INDUCED FLUORESCENCE AND DISPERSED FLUORESCENCE
SPECTROSCOPY OF JET-COOLED ISOPENTOXY RADICALS

5.1

Introduction

Alkoxy radicals are formed in high yields during the oxidation of hydrocarbons. They play
key roles as reaction intermediates in low-temperature combustion,3,
atmosphere, especially the troposphere.1,

2

133

and the

They have been studied by laser-induced

fluorescence (LIF),28, 84, 134 dispersed fluorescence (DF),34, 93 and other laser-spectroscopy
techniques. These spectroscopic investigations have furnished an understanding of the
molecular structure and properties of alkoxy radicals and provided useful information for
molecular dynamics and chemical reaction kinetic studies in which these important free
radicals are involved. Such information includes origin frequencies, vibrational and
rotational structure, and excited-state lifetimes. The atmospheric chemistry of large alkoxy
radicals (with more than four carbons) is dominated by three main chemical reactions:
reaction with O2, unimolecular dissociation via C−C bond fission, and isomerization
through H-shift. These reactions can be highly sensitive to molecular structure. 6
Conformation-specific spectroscopy investigations are, therefore, critical to the study of
alkoxy radicals.
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Here we report LIF and DF spectra of one particular isomer of the pentoxy radicals,
namely, 3-methyl-1-butoxy [(CH3)2CHCH2CH2O], also known as the isopentoxy radical.
Among all pentoxy isomers, isopentoxy is especially interesting in dynamics studies
because of its β C−C bond fission, which is affected strongly by its conformation.
Previously, the vibrationally resolved LIF spectrum of isopentoxy radicals
produced in a supersonic jet expansion was reported by Liang et. al.29 However, no
conformational or vibrational assignment was made because of the lack of clear vibrational
progressions. In the present work, we report a new LIF measurement of the isopentoxy
radical, in which more vibronic bands were observed owing to optimized experimental
conditions and increased signal-to-noise ratio. In addition, DF spectra have been obtained
by pumping different vibronic transitions in the LIF spectrum. Similarities between the DF
spectra allow the differentiation of conformational carriers of the vibronic bands in the LIF
spectrum. Both the conformational identification and the vibrational assignments are aided
by simulations using newly calculated adiabatic electronic transition frequencies,
vibrational frequencies of the ground and excited states, and the Franck-Condon factors
(FCFs) of the vibronic transitions.

5.2

Calculations

5.2.1 Potential energy surface (PES) scan and conformational search
Conformers of isopentoxy are defined with two dihedral angles: Ф1: OC1C2C3 and Ф2:
C1C2C3H. Each dihedral angle can have three orientations in stable conformers: trans (T,
Ф≈180°), counterclockwise gauche (G, Ф≈60°), and clockwise gauche (G', Ф≈-60°)
Internal rotation of the methyl groups does not introduce new stable conformations.
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Therefore, there are 3×3=9 conformers, 5 of which are optically distinguishable: TT, TG
(TG'), GT (G'T), GG (G'G'), and GG' (G'G). (In parentheses are enantiomers.) Geometry
optimization confirms that all five conformations are stable structures (see below). These
five conformers are depicted in Figure 5.1.

5.2.2 Quantum Chemical Calculations
Significant computational work on isopentoxy has been done at the B3LYP/6-311++G(d,p)
level of theory by Liang et al.29 No simulation of the B̃ ↔X̃ transitions was reported. In the
present work, it has been found that accurate prediction of the B̃ ↔X̃ transition frequencies
and, in most cases, satisfactory simulation of the LIF spectra of conformers can be achieved
by including long-range corrections (see Section 5.3). The Coulomb-attenuating method
CAM-B3LYP functional112 was adopted for the calculation of both ground and excited
electronic states. All calculations presented here were done at the CAM-B3LYP/6311+G(d) (for the B̃ -state) or time-dependent (TD-) CAM-B3LYP/6-311+G(d) for the B̃ state level of theory using the Gaussian 09 software package.114
Of all the geometric parameters, the B̃ ← X̃ excitation affects the CO bond length,
the OC1C2 angle, and the two dihedral angles (Ф 1 and Ф2) most significantly because the
excitation corresponds to an electron promotion from the pσz to the pπx or pπy orbital of the
oxygen atom. The optimized values of these geometric parameters for both the 𝑋̃ and 𝐵̃
states of all five conformers are summarized in Table 5.1. It is important to point out that
the long-range Coulombic interaction between oxygen and the tertiary hydrogen leads to
the large change of Ф1 and Ф2 upon the B̃ ← X̃ excitation for the GG, GG' and GT (Ф1=G)
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conformers. For the TG conformer, the change of Ф 1 and Ф2 is insignificant because of the
larger distance between the oxygen and tertiary hydrogen atoms (see Figure 5.1).
Calculated relative energies of isopentoxy conformers, the adiabatic excitation
frequencies of their B̃ ← X̃ transitions, as well as the X̃- and B̃ -state CO stretch frequencies
are listed in Table 5.2. Calculations show that three of the five conformers: GG', TG, and
GG (referred to as Conformers 1, 2, and 4 in ref., 29 respectively) are close in energy (<0.3
kcal/mol), while the other two are significantly higher in energy (>1 kcal/mol). Therefore,
only the three lowest-energy conformers are expected to have detectable concentrations in
the supersonic jet expansion. FCFs for B̃ ← X̃ (v''=0) transitions of these three conformers
were calculated using the ezSpectrum program. 121 Due to the large difference in X̃- and B̃ state geometries (Table 5.1), Duschinsky rotations were taken into account in the
calculation of FCFs to better reproduce the experimental spectrum. 122, 123 Experimentally
obtained LIF and DF spectra are simulated using calculated vibrational frequencies and
FCFs (see below).

5.3

Results

5.3.1 Overview of LIF and DF Spectra
Figure 5.2a shows the vibrationally resolved LIF spectrum of the B̃ ← X̃ transition of
isopentoxy. It lacks the CO-stretch progressions that are typical in the LIF spectra of alkoxy
radicals. Nevertheless, two vibrational progressions with different origins have been
observed in the low-frequency region. They are color-coded and labeled A0, A1, A2 … and
B0, B1, B2 … in Figure 5.2a. Harmonic frequencies and anharmonic parameters of these
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two vibrational progressions were determined by fitting Birge-Sponer plots (Figure 5.5).
For Progression A, ωe= 77.0 ± 1.5 cm−1 and ωeχe = 2.1 ± 0.3 cm−1, while for Progression
B, ωe = 49.1±0.6 cm−1 and ωeχe = 0.5 ± 0.1 cm−1. Strong peaks in the higher-frequency
region of the LIF spectrum are labeled Bands C through L. They do not show any obvious
pattern.
To help differentiate vibronic bands in the LIF spectrum by their molecular carriers,
the DF spectra of isopentoxy were recorded by pumping different vibronic bands in the
LIF spectrum. DF spectra obtained by pumping the A Bands do not contain any peaks other
than the strong zero-redshift transition. Figure 5.6 shows an exemplary DF spectrum
obtained by pumping Band A2.
DF spectra obtained by pumping the B Bands have similar vibronic structures,
although they are shifted from each other (Figure 5.3). In all cases, a vibrational
progression of ~1025 cm−1 is discernable despite the broad linewidth of its members. The
first two members of the progression are too weak to be detected. By extrapolation, the
origin of the vibrational progression in the DF spectrum obtained by pumping each B Band
can be determined. It is 409 cm−1 when Band B0 is pumped.
DF spectra obtained by pumping Bands C-L (Figure 5.4) contain two strong
vibrational progressions, both of which have frequency intervals of ~1045 cm−1. When
Band C or L is pumped, one of the progressions starts from zero red-shift, while the other
starts with a weak peak at 263 cm−1 (labeled “X” in Figure 5.4a). DF spectra obtained by
pumping Band D-K are similar, except that the two vibrational progressions are red-shifted.

82

On the basis of the similarities and differences of the DF spectra, we attribute the
three groups of LIF bands (the A Band, the B Bands, and Bands C-L) to three molecular
carriers, namely, the three lowest-energy conformers of the isopentoxy radical. Bands A0
(28598 cm−1), B0 (28821 cm−1), and C (29058 cm−1) are assigned to the origin bands, The
cause of the red-shift in the DF spectra within each group has been discussed in our
previous publications.35, 93, 96 In brief, the large change in the CO bond length upon the B̃
← X̃ transition of alkoxy radicals leads to Duschinsky mixing 122, 123 between the COstretch mode and other vibrational modes. Consequently, when the free radical is excited
to non-CO-stretch vibrational levels of the B̃ -state, DF emission to combination levels of
the CO stretch and the pumped vibrational mode are FC-favored. If the DF spectra are
blue-shifted by the ground-state frequencies of the non-CO-stretch levels, the strong peaks
will be lined up. (See Figures 5.8 and 5.9) The DF spectrum obtained by pumping Band L
is not red-shifted to that obtained by pumping Band C, an origin band. Therefore, Band L
(663 cm−1 with respect to Band C) is assigned to the CO-stretch band.

5.3.2

Simulation, Conformational Identification, and Vibrational Assignment of LIF

Spectrum
The calculated origin band frequencies of the three lowest-energy conformers of
isopentoxy are 29650 cm−1 for GG', 29780 cm−1 for GG, and 30036 cm−1 for TG. In
comparison, transition frequencies for Band A0, B0, and C are 28598, 28821, and 29058
cm−1, respectively. When a scaling factor of 0.967 is applied, the calculated origin-band
frequencies reproduce the experimental ones quite well (see the 6 th and 7th Columns of
Table 5.2). The simulated LIF spectra of the GG', GG, and TG conformers are compared
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with the experimental LIF spectrum in Figures 5.2b-d, in which the calculated origin bands
are shifted to match Bands A0, B0, and C, respectively.
The simulated LIF spectrum of the TG conformer (Figure 5.2b) reproduces the
relative frequencies and intensities of most strong peaks in the higher-frequency region of
the experimental LIF spectrum (Figure 5.2a) quite well. Comparing the relative frequencies
of Bands C-L to the calculated vibrational frequencies of the B̃ -state TG conformer, we are
able to assign these vibronic bands, which confirms the assignment of Bands C-L to the
TG conformer. The vibrational assignment is summarized in Table 5.3. The simulated LIF
spectrum of the GG conformers contains a vibrational progression of 56 cm−1 in the lowfrequency region (labeled B0, B1, B2… in Figure 5.2c). These are transitions to the
vibrational levels of the C1C2C3H torsion mode.
In comparison, the progression of B Bands in the experimental LIF spectrum has a
harmonic frequency of ωe=49.1±0.6 cm−1. It is, therefore, reasonable to assign the B Bands
to the GG conformer. The simulated LIF spectrum of the GG' conformer (Figure 5.2d) does
not contain a progression of the lowest-frequency C1C2C3H torsion mode (calculated to be
66 cm−1). Instead, only the transition to its fundamental level has significant intensity
(labeled A1 in Figure 5.2d). Instead, transitions to several low-frequency vibrational modes
and their combination bands are predicted.
Nevertheless, we assign the A Bands in the experimental LIF spectrum to this
conformer based on two facts. First, the calculated (and scaled) origin transition of the GG'
conformer matches the frequency of the A0 band. Second, the GG' conformer is the lowestenergy conformer and is expected to be present under jet-cooled conditions. Bands A0, B0,
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and C are the origin bands of the GG', TG, and GG conformers, respectively. Discrepancies
between the simulated and experimental spectra will be discussed in Section 5.4.

5.3.3

DF Spectra Obtained by Pumping the Origin Bands

Simulation of DF spectra of isopentoxy was not attempted for two reasons: (i) severe
broadening of transitions in the DF spectra, and (ii) the expected complexity of the vibronic
structure of the quasi-degenerate X̃- and Ã- states. In a CAM-B3LYP calculation in which
the HUMO and LUMO of the β electron are swapped,132 the energy separation between the
X̃ 2A'' and the low-lying Ã 2A' states of the TT (Cs) conformer of isopentoxy was determined
to be 208 cm−1. Ã−X̃ separations of other conformers, which have C1 symmetry, cannot be
calculated accurately but are expected to be comparable to that of the TT conformer. Due
to the small Ã−X̃ separations, strong pseudo-Jahn-Teller and spin-orbit interactions
between these two states are expected, which causes complicated vibronic structure. The
broadening of the DF transitions may be attributed to both the complicated vibronic
structure and the low isomerization barriers between conformers. (See Figure 5.10.)
Nevertheless, we may tentatively assign dominant features in the DF spectra
according to quantum chemical calculations. In the DF spectrum obtained by pumping
Band B0, the origin band of the GG conformer, the broad vibrational progression of ~1025
cm−1 is assigned to CO-stretch bands of the B̃ → Ã transition of conformer GG. The CAMB3LYP calculation predicts several X̃-state modes that have CO-stretch character with
frequencies of 1008, 1091, and 1111 cm−1. Similar CO-stretch modes are expected for the
Ã state. The existence of multiple vibrational modes with CO-stretch character may explain
the unusually broad linewidths of features in the DF spectrum. The vibrational progression
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starts at ~409 cm−1, which is attributed to the Ã−X̃ separation. The B̃ → X̃ transitions may
be obscured by strong B̃ → Ã transitions, although this cannot be confirmed from the
present DF spectrum.
Similarly, the two ~1045 cm−1 vibrational progressions in the DF spectrum
obtained by pumping Band C, the origin band of the TG conformer, are assigned to COstretch bands of the B̃ → X̃ and B̃ → Ã transitions of TG. This should be compared to the
calculated X̃-state CO-stretch mode of 1096 cm−1, with another vibrational mode of 1037
cm−1 that has a CO-stretch character. The separation between the two vibrational
progressions (263 cm−1) is attributed to the Ã−X̃ separation,

5.4

Discussion

Although quantum chemical calculations predict strong features in the LIF spectra of the
GG' and GG conformers (Figure 5.2c and 5.2d), they are absent in the experimental
spectrum (Figure 5.2a). Only two very weak low-frequency vibrational progressions (the
A Bands and B Bands) are present in the low-frequency region. Similarly, for the TG
conformer, although the calculation predicts a CO-stretch band (at 691 cm−1 relative to the
origin band) that is significantly stronger than the origin band (Figure 5.2b), it is
significantly weaker than the origin band in the experimental spectrum (Figure 5.2a). The
discrepancy between the experimental and predicted transition intensities may be attributed
to either B̃ -state β C−C fission or pre-dissociation of the B̃ state via the CO bond breaking
by highly excited electronic states.135 The latter mechanism is a more plausible explanation
based on both calculations and experimental evidence. The barrier for ground-state β C−C
fission was calculated to be 12.9 kcal/mol (4512 cm−1).29 Experimentally, transitions of
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formaldehyde, one of the products of β C−C fission was observed in our LIF experiment
(see Figure 5.11), which confirms the low barrier. Although a TD-CAM-B3LYP
calculation of the barrier for B̃ -state β C−C fission was not successful, the barrier is
expected to be lower than the ground state because in the B̃ -state the half-filled 2pσ orbital
of the CO bond further weakens the adjacent C−C bond.
The two low-frequency vibrational progressions in the experimental LIF spectrum
are assigned to GG and GG' conformers. They correspond to the lowest-frequency
vibrational modes of these two conformers, which involve the torsion of the Ф2 (C1C2C3H)
dihedral angle. For the GG conformer, the CAM-B3LYP calculation predicts a very large
change of Ф2 upon B̃ ← X̃ excitation (from 56° to 33°). Hence, the simulated LIF spectrum
of this conformer contains a long vibrational progression of this mode. For the GG’
conformer, the change of Ф2 (from -52° to -65°), although still significant, is much smaller
than for the GG conformer. The predicted LIF spectrum of this conformer, therefore, does
not contain a low-frequency vibrational progression, whereas the experimental LIF
spectrum does. Therefore, we suspect that the CAM-B3LYP calculation underestimates
the Ф2 dihedral angle of GG' in its B̃ state. Calculations using other density-functional
methods with long-range corrections, including wB97XD, have been employed136 to
optimize the B̃ -state geometries of isopentoxy conformers. The results are close to those
using CAM-B3LYP. Further computational investigation using other methods is therefore
necessary to reproduce the experimentally obtained LIF spectrum.
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5.5

Conclusions

We have observed B̃ −X̃ LIF and DF spectra of jet-cooled isopentoxy radicals. Of all five
conformers (GG', TG, GG, TT, and GT), the three lowest-energy ones (GG', TG, and GG)
are identified as spectral carriers based on vibronic simulations. LIF spectra of GG’ and
GG conformers contain low-frequency vibrational progressions due to large changes of the
C1C2C3H dihedral angle between the B̃ - and X̃-states. Most experimentally observed LIF
transitions are reproduced in simulations using electronic transition frequencies,
vibrational frequencies, and Franck-Condon factors calculated at the CAM-B3LYP/6311+G(d) level of theory. The absence of strong transitions to the CO-stretch levels is
attributed to low-barriers for β C−C fission or predissociation in the B̃ -state. DF spectra of
the GG and TG conformers are dominated by strong vibrational progressions of the COstretch mode or its combination with other vibrational modes due to Duschinsky mixing.
The Ã−X̃ separations of the GG and TG conformers have been determined to be 409 and
263 cm−1, respectively.
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Table 5.1. Geometric parameters of conformers of the isopentoxy radical in the X̃- and B̃ states calculated at the CAM-B3LYP/6-311+G(d) level of theory.

89

90

a

Scaling factor = 0.967.

CO-stretch character.

zero-point-energy corrections. Note that for the TG and GG conformers, there are more than one vibrational mode with the

X̃ and B̃ ) of isopentoxy conformers. ∆EB̃ −X̃ includes
(f) of the B̃ −X̃ transition, and X̃- and B̃ -state CO-stretch frequencies ( 𝜈CO
𝜈CO

Table 5.2. Numbers of enantiomers calculated relative energies, adiabatic excitation energies (∆EB̃ −X̃) and oscillator strengths

Table 5.3. Experimental and calculated vibrational frequencies (in cm−1) and assignment
of vibronic bands in the LIF spectra (Figure 4.2a).

a

Observed band maximum (cm−1) relative to the origin band ( νB̃00←X̃ ) at 28598 cm−1 (A0),

28821 cm−1 (B0), and 29058 cm−1 (C) for the GG’, GG, and TG conformer, respectively.
b

Unscaled B̃ -state vibrational frequencies calculated at the CAM-B3LYP/6-311+G(d)

level of theory.
c

Vibrational modes are numbered following the Herzberg convention. ν45: C1C2C3H

torsion. ν36 of TG: CO stretch.
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Figure 5.1. The five conformers of isopentoxy and their relative energies (cm−1).
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Figure 5.2. (a) Vibrationally resolved LIF spectrum of isopentoxy. (b-d) Simulated LIF

spectra of the GG' (b), GG (c) and TG (d) conformers. The asterisked band is due to
CH2O.
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Figure 5.3. DF spectra of the isopentoxy radical obtained by pumping LIF bands B0-B4.
Numbers in parentheses after the pumped LIF bands are relative wavenumbers with
respect to the origin band (Band B0). The asterisked bands are due to photolysis laser
scattering.
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Figure 5.4. DF spectra of the isopentoxy radical obtained by pumping LIF bands C-L.

Numbers in parentheses after the pumped LIF bands are relative wavenumbers with
respect to the origin band (Band C). The asterisked bands are due to photolysis laser
scattering.
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Figure 5.5. Birge-Sponer plot of the “A” Bands in the LIF spectrum of isopentoxy.
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Figure 5.6. Birge-Sponer plot of the “B” Bands in the LIF spectrum of isopentoxy.
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Figure 5.7. DF spectrum of the isopentoxy radical obtained by pumping LIF bands A2.
Numbers in parentheses after the pumped LIF bands are relative wavenumbers with
respect to the origin band (Band A0). The asterisked band is due to photolysis laser
scattering.
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Figure 5.8. DF spectra of the isopentoxy radical obtained by pumping LIF bands B0-B4.
The DF spectra are blue-shifted by ground-state vibrational frequencies of the pumped
modes. Numbers in parentheses after the pumped LIF bands are relative wavenumbers
with respect to the origin band (Band B0). The asterisked band is due to photolysis laser
scattering.
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Figure 5.9. DF spectra of the isopentoxy radical obtained by pumping LIF bands C-L.
The DF spectra except that obtained by pumping the CO stretch band (Band L) are blueshifted by ground-state vibrational frequencies of the pumped modes. Numbers in
parentheses after the pumped LIF bands are relative wavenumbers with respect to the
origin band (Band C). The asterisked band is due to photolysis laser scattering.
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Figure 5.10. Scans of X̃- and B̃ -state potential energy surfaces of the isopentoxy radical
along the coordinates of the OC1C2C3 and C1C2C3H dihedral angles.
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.

Figure 5.11. LIF spectrum that contains transitions of formaldehyde, a product of β CC fission of isopentoxy.
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CHAPTER VI
DISPERSED FLUORESCENCE SPECTROSCOPY OF JET-COOLED 2-, 3-, AND 4METHYLCYCLOHEXOXY RADICALS

6.1

Introduction

The cyclohexoxy radical, like other alkoxy radicals, is an important reaction intermediate
in combustion and atmospheric chemistry. 1, 2, 4, 9, 94 The stability of the six-membered ring
and its complicated conformational behavior32 makes cyclohexoxy particularly interesting
in all cyclic alkoxy radicals. From the point of view of theoretical spectroscopy,
cyclohexoxy, as well as other cyclic alkoxy radicals, is a prototypical pseudo-Jahn−Teller
(pJT) molecule.33, 35, 137 Its two lowest electronic stats (X̃ and Ã) are separated by only 61
cm−1 in energy from each other.33, 35 Analysis of the rotational and fine structure of the X̃ /
Ã state decomposes the Ã−X̃ separation into two components: the spin−orbit (SO) splitting
and the nonrelativistic separation because of difference in both the electrostatic energy and
the zero-point energy (ZPE) between the two states. 33, 132
It is of both theoretical and practical interests to extend the spectroscopic
investigation of cyclohexoxy to the methylcyclohexoxy (MCHO) radicals. Especially
important is the effect of the methyl group position at the six-membered ring. Previously,
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the B̃ ← X̃ transitions of all four isomers of MCHO were studied in laser-induced
fluorescence (LIF) spectroscopy under jet-cooled conditions.36, 37 Both the origin band
frequencies and vibronic structures of these isomers are different from each other. Such
observation confirms the effect of methyl substitution on the B̃ state vibrational structure.
Intramolecular dynamics and chemical kinetics of MCHOs, and indeed alkoxy
radicals in general, are also affected by the lowest-energy electronic states (X̃ and Ã).
Because all alkoxy radicals can be treated as the alkyl substitution of the methoxy radical
(CH3O), these two states are originated from the X̃ 2E state of CH3O, which is orbitally
doubly degenerate. The unpaired electron may occupy either of the two nonbonding
orbitals resulting from the px and py orbitals of the oxygen atom, which lie within the OCH
plane and perpendicular to it, respectively. In larger alkoxy radicals such as ethoxy, 24 alltrans conformers of large primary alkoxies,134, 135, 138 isopropoxy,26, 132 and cyclohexoxy,33,
35

the alkyl substitution reduces the molecular symmetry from C3v (for methoxy) to Cs and

removes the orbital degeneracy. The X̃ 2E state of the methoxy radical therefore splits into
two close-lying states ( X̃ and Ã ) with A′ and A″ symmetry, which have the half-filled
orbital of the oxygen atom within the Cs plane (px) and perpendicular to it (py), respectively.
The alkyl group interacts differently with the px and py orbitals, resulting in the Ã−X̃
separation between the lowest vibrational levels of these two states. The mechanism of
interaction between these two close-lying states is of significant theoretical importance. 137,
139, 140

Especially, the energy ordering of the A′ and A″ states and the magnitude of the Ã−X̃

separation depend on the conformation of the free radicals. For gauche conformers of the
primary alkoxy radicals88, 134, 138 and secondary alkoxy radicals larger than isopropoxy, 141
104

the molecular symmetry is further lowered to C1. Ã−X̃ separation of conformers with C1
symmetry of an alkoxy radical is usually smaller than that of Cs conformers.
In addition to the lowest vibrational levels, the vibronic structure of the X̃ / Ã state
can be affected by positional isomerization too. In the present work, we report an
investigation of the effect of the methyl group position at the six-membered rings of MCHO
radicals by dispersed fluorescence (DF) spectroscopy. Experimental DF spectra obtained
by pumping different bands in the B̃ ← X̃ LIF spectra reveal the Ã−X̃ separation and
vibrational structure of the X̃ / Ã state. By comparing the experimentally observed redshifts
with the calculated vibrational frequencies, the vibronic bands in the DF spectra can be
assigned to transitions to different vibrational levels of the lower two states. The transition
intensities provide further information about the geometry, symmetry, and energetics of the
electronic states. The DF spectra of 1-MCHO are significantly different from those of the
others because of its tertiary structure and hence deferred to future publication. In the
present paper, the results of 2-, 3-, and 4-MCHOs are reported.

6.2

Quantum Chemical Calculations

Previously, extensive calculations were performed on the X̃- and B̃ -state 2-, 3-, and 4MCHO radicals and used to guide the analysis of the experimentally obtained LIF
spectra.36 Such analysis allowed the assignment of vibronic bands in the LIF spectra and
suggested that all LIF bands observed under jet-cooled conditions are due to the lowestenergy conformers of each isomer. The six-membered ring in these conformers has chair
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structure, and both the oxygen atom and the methyl group are at the equatorial positions.
In the present work, two types of new calculations have been carried out in aid of the
analysis of the DF spectra. First, density functional theory (DFT) calculations at the
B3LYP/6-31+G(d) level of theory were performed to predict the energy separation between
the X̃ and the Ã states of 4-MCHO, which retains the Cs symmetry of the cyclohexoxy
radical. This was done by putting the unpaired electron in either px or py orbitals localized
on the oxygen atom. The calculations predict that the ground electronic state ( X̃ ) has A″
symmetry, whereas the first excited state ( Ã ) is of A′ symmetry. The energy separation
between these two states was found to be 168 cm−1 (without ZPE corrections). When the
molecular symmetry was allowed to be lowered to C1, geometry optimization resulted in
the pJT-distorted structure of the 4- MCHO isomer. The pJT stabilization energy, defined
as the energy difference between the ground-state (X̃ 2A″) molecule with Cs symmetry and
that with C1 geometry, i.e., no symmetry, was found to be 77 cm−1.
2- and 3-MCHO isomers do not have Cs symmetry. The aforementioned technique,
therefore, cannot be used to calculate the Ã−X̃ separation and the pJT stabilization energy.
However, an inspection of the molecular orbitals suggests that for the ground electronic
state of both isomers, the half-filled orbital is approximately perpendicular to the OCH
plane, viz., the py orbital. These isomers, therefore, have a ground state with “pseudo-A″
symmetry.” Figure 6.1 illustrates the half-filled orbitals of 2-, 3-, and 4-MCHOs. All
calculations were done using the Gausssian09 software package.128
The second type of new calculations on MCHOs are Franck−Condon factor (FCF)
calculations for B̃ → X̃ and B̃ → Ã transitions. Vibrational modes of the Ã state (for 4106

MCHO only) and the X̃ state were calculated at the B3LYP/6-31+G(d) level of theory,
whereas those of the B̃ state by configuration interaction singles (CIS) using the same basis
set. For the X̃ state of 4-MCHO, the pJT distorted (C1) geometry was used. Geometries and
the displacements of nuclei for the normal modes were calculated using Gaussian09, 128 and
the FCFs and intensities for transitions from the lowest vibrational level of the B̃ state to
the vibrational levels of the X̃ / Ã state were predicted using the ezSpectrum software. 121
Due to the large difference in X̃ / Ã- and B̃ -state geometries, especially the large increase
in CO bond length upon excitation (e.g., from 1.37 to1.58 Å for 4- MCHO), the Duschinsky
rotations were taken into account in the calculation of FCFs. The calculated vibrational
frequencies of the X̃ / Ã state and B̃ → X̃ / Ã FCFs are listed in Tables 6.4−7.

6.3

Results

DF spectra of 2-, 3-, and 4-MCHOs were obtained by pumping different vibronic bands of
the B̃ ← X̃ LIF excitation spectra.36 The vibronic bands are labeled by capitalized letters
following ref.36 In this section; we first present the results of 4-MCHO, which has nominal
Cs symmetry, followed by the 3- and 2- MCHO radicals.

6.3.1

4-MCHO

DF spectra of 4-MCHO (Figure 6.2) were recorded by pumping six vibronic bands of its
LIF spectrum, namely, bands A-F. With the origin band (band A at 26906 cm−1) pumped,
there is a peak in the DF spectrum at 76 cm−1 red-shifted from the excitation wavenumber.
107

The intensity of this peak is slightly stronger than the fluorescence emission to the
vibrational ground level of the X̃-state, i.e., the zero-red-shift B̃ 2A′ → X̃ 2A″ origin band
in the DF spectrum. DFT calculations predict X̃-state vibrational modes with frequencies
as low as 109 cm−1. However, the FCF of transition from the vibrational ground level of
the B̃ -state to this vibrational level is negligible. DFT calculations predict an Ã−X̃
separation of 168 cm−1 (without ZPE corrections). The DF peak at 76 cm−1 is therefore
assigned to the origin band of the B̃ 2A′ → Ã 2A′ transition.
When bands C and E were pumped, low-frequency peaks were observed at 77 and
74 cm−1, respectively. They are assigned to transitions from the corresponding vibrational
levels of the B̃ 2A′ state to the ground vibrational level of the Ã 2A′ state. The Ã−X̃
separation of 4-MCHO is therefore determined to be 76(5) cm−1, taken as the averaged
value of the low-frequency peaks. Intensities of these peaks with bands A, C, and E pumped
are close to the zero-red-shift DF origin bands. Noticeably, with bands B, D, and F pumped,
the fluorescence emission to the vibrational ground level of the Ã-state is extremely weak
(pumping band B) or absent (pumping bands D and F). In section 6.2 we will argue that
relative intensities of the B̃ → X̃ and B̃ → Ã bands are determined by the vibronic symmetry
of the pumped LIF bands: The differences in relative intensities of the DF origin bands are
due to the fact that bands A, C, and E are transitions to a′ (symmetric) vibrational levels of
the B̃ state, whereas bands B, D, and F are to a″ (antisymmetric) levels.36 Note that
transitions to the a″ levels are allowed due to the pJT interaction between the Ã and X̃ states.
Besides the two origin bands, the DF spectrum by pumping band A is dominated
by a progression of strong peaks. The most prominent peaks of each member of the
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progression are found at 1121, 2165, and 3197 cm−1. These three peaks and the B̃ → Ã
origin band at 76 cm−1 form a vibrational progression. They are hence assigned to
transitions to vibrational levels of the Ã state. Because of the large difference between the
B̃ -state and Ã / X̃-state CO bond lengths, one expects transitions to those lower-state
vibrational modes that contain significant CO stretch character to have large FCFs and
hence stronger intensities. Indeed, DFT calculations predict an Ã-state CO stretch mode
with a vibrational frequency of 1060 cm−1, close to the experimentally observed
fundamental frequency of 1045 cm−1, taken as the interval between the strongest peak of
the second member of the progression and the Ã → X̃ origin band. The strong progression
is, therefore, assigned to Ã-state CO stretch levels (Figure 6.2). FCF calculations predict
strong transitions to the Ã-state CO stretch levels (Figure 6.3). On the contrary, transitions
to the X̃-state CO stretch levels are significantly weaker. The reason for weaker transitions
to the vibrational levels of the X̃ state is discussed in section 6.4.2.
Second member of the CO stretch progress has three distinctive peaks: ν̃x = 1006
cm−1, ν̃y = 1121 cm−1, and ν̃z = 1170 cm−1 (Figure 6.2). Peaks at ν̃x and ν̃z are attributed to
transitions to other vibrational levels with CO stretch character or combination levels of
CO stretch mode with low-frequency modes (Figure 6.3). However, definitive assignments
are avoided due to the congestion of transitions. In the region of larger redshift (>1500
cm−1), the third and fourth members of the CO stretch progression are observable. Six peaks
are partially resolved in the region of the first overtone of the CO stretch (i.e., the third
member of the progression, Figure 6.2). They are attributed to the overtone and
combination bands of νx, νy, and νz. The peaks in the region of 3 νCO (Ã) (the fourth member
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of the CO stretch progression) are unresolved due to the increased density of vibrational
levels.
The experimentally observed DF spectrum pumping the LIF origin band is
compared with the calculated transition intensities and simulated spectra in Figure 6.3. In
the simulation, the B̃ → Ã origin band is shifted to the red with respect to the B̃ → X̃ origin
band by the experimentally determined Ã−X̃ separation. The intensities of the B̃ → X̃ and
B̃ → Ã transitions are scaled so that the relative intensities of the origin bands match the
experimentally obtained spectrum. The simulation semiquantitatively reproduces the
spectrum in terms of both transition frequencies and intensities. The calculations correctly
predict that the B̃ → Ã transitions to vibrationally excited levels are significantly stronger
than the B̃ → Ã transitions. However, although the FCF calculation predicts several weak
transitions other than origin bands and the CO-stretch progression, these transitions were
not observed in the DF spectrum.
When LIF bands other than A were pumped, the emission to the CO stretch levels
(bands x, y, z, as well as their overtone and combination bands) is much weaker except in
the case of pumping band E. Band E was assigned to the transition to the ν27 level of the B̃
state,36 which has significant CO stretch character. The presence of the transitions to the
CO stretch levels of the Ã-state with band E pumped can, therefore, be again explained by
large FCFs. On the contrary, significantly smaller FCFs between other pumped vibrational
modes (for bands B, C, D, F) and the CO stretch mode are expected.
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With bands B−F pumped, DF bands other than the origin bands appear in the lowfrequency region (<1000 cm−1) as labeled by lowercase letters b−f in Figure 6.2. The
redshifts of these peaks relative to the B̃ → Ã origin band are close to (but not exactly equal
to) the LIF pumping frequencies relative to the B̃ ← X̃ origin band (Table 6.1). This is due
to the large vibrational wave function overlap between the Ã and B̃ -state levels of the same,
non-CO-stretch mode because the only significant geometry change upon excitation is the
elongation of the CO bond and mixing between non-CO-stretch vibrational modes is
expected to be small. The difference between the redshift of the DF band (with respect to
the B̃ → Ã origin) and the relative frequency of the pumped LIF band (relative to the B̃ ←
X̃ origin, i.e., band A) is therefore attributed to the small difference between the Ã- and X̃state vibrational frequencies of the same mode. DF transitions to the X̃-state levels of these
modes were also observed, although the intensities are much lower. The disparity between
the B̃ → X̃ and B̃ → Ã transition intensities will be discussed in section 6.4.2. Ã−X̃
separation of these vibrational levels are close to that of the vibrational ground level, except
for that of band e, which is 100 cm−1 (Table 6.1).
In the DF spectrum with band F pumped, the peak at 339 cm−1 coincides in redshift
with band b in the DF spectrum pumping band B. It is hence labeled b′ in Figure 6.2. Such
an observation confirms the previous assignment of band F to a combination band of the
vibrational mode of band B (ν55) and another vibrational mode (ν30).36 Band b′ is therefore
assigned to the transition to ν55 vibrational level of the Ã state, whereas the other DF peak
in the low-frequency region (band f) to the ν55 + ν30 level of the Ã state.
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The most noticeable difference between DF spectra obtained by pumping the LIF
origin band (band A) and other vibronic bands is that the prominent vibrational progression
observed in the former case is shifted to the red in the latter case. The amount of such a
redshift is equal to the redshift of the FC favored transition (bands b−f) with respect to the
B̃ → Ã origin band, i.e., the Ã-state vibrational frequency of the pumped mode. For
instance, in the DF spectrum with band E pumped, the frequency interval between the B̃
→ Ã origin band (74 cm−1) and band e (648 cm−1 ) matches that between the Ã state CO
stretch band (1124 cm−1) and the strong peak at 1705 cm−1 within the error bars (Table 6.1).
Therefore, if the DF spectra are shifted to the blue by the observed Ã-state frequencies of
the pumped modes so that bands b−f are aligned with the B̃ → Ã origin band, all DF spectra
of 4-MCHO will have the same vibrational progressions (Figure 6.7). Such an observation
implies that when a vibronic level other than the CO stretch levels is pumped, the transition
with the largest FCF is not to the Ã -state CO stretch level or the vibrational level of the
pumped mode, but to the combination level of the CO stretch mode and the pumped mode.
Figure 6.7 also confirms that all strong peaks observed in the DF spectra except the zerored-shift bands should be assigned to transitions to the Ã-state levels rather than the X̃-state
levels.
Redshifts of DF bands of 4-MCHO are summarized in Table 6.1 with their
assignments. To elucidate the vibrational assignments, the relative wavenumbers with
respect to the B̃ → Ã origin or Ã-state vibrational levels (bands b−f) are also listed.
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6.3.2

3-MCHO

DF spectra of the 3-MCHO isomer (Figure 6.4) were recorded by pumping six LIF bands:
the origin band A, fundamental bands B and C, CO-stretch band A*, and bands B* and C*,
which are combination bands of vibrational modes of bands B and C with the CO stretch
mode. The averaged Ã−X̃ separation by pumping the LIF bands is 62(5) cm−1. The relative
intensities of the B̃ → Ã and B̃ → X̃ origin bands are different with different LIF bands
pumped. With band A (the LIF origin band) pumped, the origin band of the B̃ → Ã transition
in the DF spectrum is stronger than that of the B̃ → X̃ transition. Similar relative intensities
were observed in the DF spectrum of 4-MCHO when the LIF origin band was pumped
(Figure 6.2), suggesting similar electron configurations for the Ã / X̃ state of these two
isomers. This has been predicted by DFT calculations (Figure 6.1). With bands B and C
pumped, the relative intensities of the two origin bands in the DF spectra are reversed: the
B̃ → Ã origin band is significantly weaker than the B̃ → X̃ one. This is similar to the DF
spectra of 4-MCHO with a″ levels of the B̃ state pumped, in which the B̃ → Ã transitions
are extremely weak or absent. Such reversion, therefore, suggests that vibrational modes
of bands B and C of 3-MCHO would be antisymmetric (a″) if the methyl group was
replaced by a hydrogen atom.
When band A is pumped, a strong progression is observable and assigned to
transitions to CO stretch levels. The most prominent peaks in the members of the
progression are at 1105, 2113, and 3120 cm−1. They are transitions to the Ã state CO stretch
levels based on the energy intervals. The peak at 1028 cm−1 is assigned tentatively to the
X̃-state CO stretch level. The Ã−X̃ separation of the CO stretch level so determined is larger
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than that of the vibrational ground levels (77 cm−1 vs. 62 cm−1), a phenomenon that was
also observed in the DF spectrum of tert-butoxy.142 Simulation using Gaussian09 and
ezSpectrum (Figure 6.3) correctly predicts strong transitions in the CO stretch region.
However, the predicted frequency of the CO stretch mode is not as accurate as for the 4MCHO isomer. In addition, they predict overtone transitions weaker than the fundamental,
whereas, in the experimentally obtained spectrum, the overtone bands are stronger.
A doublet (b or c) was observed in the DF spectra when either band B or C was
pumped, corresponding to the transition to the vibrational levels of the pumped mode in
the Ã and X̃ states (bands b and c in Figure 6.4). Unlike in the case of 4-MCHO, for which
transitions to the X̃ 2A″ state vibrational levels are completely absent or much weaker than
to the Ã 2A′ state, the two peaks of the doublets in the 3-MCHO DF spectra are of
comparable intensities, although the B̃ → Ã transitions are still stronger than the B̃ → X̃
ones. This is due to the lowered symmetry and hence, less strict selection rules (section
6.2). Similar to 4-MCHO, with bands B and C pumped, the DF spectra of 3-MCHO are
dominated by progressions of combination bands of CO stretch and the pumped modes.
When band A* (CO-stretch band) was pumped, a strong CO stretch progression
was observed. The DF spectrum by pumping band B* (combination band) is dominated by
a progression of combination bands of CO stretch and the pumped mode. In both cases, the
fourth member of the progressions was obscured by the unstructured DF signal, most
probably due to excited-state intramolecular vibrational energy redistribution (IVR). 34 The
first member of the progression in the DF spectrum pumping band B* is labeled b′ in Figure
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6.4. Such progression becomes very weak when band C* is pumped. Its first member is
labeled c′ in Figure 6.4.
Furthermore, compared to the DF spectra by pumping band A, B, and C, new peaks
are observable in those pumping bands A*, B*, and C*. They are asterisked in Figure 6.4.
In each spectrum, these new peaks form a second progression that is red-shifted by ∼680
cm−1 from the aforementioned progression of the CO stretch bands or combination bands
of the CO stretch. Such a redshift matches the CO stretch frequency of the B̃ state,
determined to be 683 cm−1 in the LIF spectrum.36 It can, therefore, be explained by excitedstate vibrational population relaxation: After LIF band A* (the CO stretch band) is pumped,
part of its population relaxes to the vibrational ground state of the B̃ state. Fluorescence
from both the CO stretch level and the vibrational ground level are therefore possible.
Because fluorescence from both levels was observed with comparable intensities, the
vibrational relaxation process and fluorescence process must have comparable time scales,
i.e., at the microsecond scale. The mechanism is illustrated in Figure 6.5. When
combination bands B* (νCO + ν54) and C* (νCO + ν51) are pumped, the dominant relaxation
process is not to the vibrational ground level, but the non-CO-stretch vibrational level (ν54
or ν51) (Figure 6.5). In the former case (pumping band B*), the relaxation and fluorescence
processes are of comparable rates as fluorescence from both the initial vibrational level
(νCO + ν54) upon LIF excitation and from the level after relaxation (ν54) are observed. In the
latter case (pumping band C*), the DF signal from the initial vibrational level (νCO + ν51)
is very weak, suggesting a rapid relaxation process that outpaces the fluorescence process.
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Redshifts and relative wavenumbers of DF bands of 3- MCHO are summarized in
Table 6.2 with their assignments. Figure 6.8 illustrates the DF spectra of 3-MCHO when
they are blue-shifted by the Ã state frequency of the pumped non-CO-stretch modes. The
progressions are aligned in the shifted spectra.

6.3.3

2-MCHO

DF spectra of the 2-MCHO isomer (Figure 6.6) were recorded by pumping six LIF bands,
labeled A−F in ref.36 The Ã−X̃ separation of 2-MCHO is 110(5) cm−1, determined as the
energy separation between the first two strong peaks in the DF spectra. Similar to 3- and
4-MCHOs, the relative intensities of these two peaks vary depending on the LIF peaks
pumped. Transitions to Ã- and X̃-state levels of the pumped vibrational modes were also
observed (bands b−f in Figure 6.6). Also observed are the Ã-state CO stretch progression
(when band A was pumped) or progressions of combination bands of CO stretch and the
pumped modes (when bands B−F were pumped). FCFs calculations qualitatively
reproduce the experimental spectrum (Figure 6.3). Figure 6.9 illustrates the coincidence of
progressions in the DF spectra after the blue shift. Table 6.3 summarizes redshifts, relative
wavenumbers, and assignments.
In the case of pumping band F, a peak at 232 cm−1 red shift was observed in the DF
spectrum. DFT calculation does predict an X̃ state methyl torsion mode of 229 cm−1 for 2MCHO. Band F was previously assigned to ν47, the ring breathing mode. It is unlikely that
these two modes are connected by considerable off-diagonal FCF. Band F in the LIF
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spectrum should, therefore, probably be reassigned to the combination band of methyl
torsion (calculated to be 230 cm−1) and ν54 (calculated to be 288 cm−1 and illustrated in
Figure 6.10).

6.4

Discussion

6.4.1

Conformational and Vibrational Assignments

In ref.36, LIF bands of 2-, 3-, and 4-MCHOs were assigned to the lowest-energy conformer
of each isomer with diequatorial structure. In the present work, the single-conformer
assignments have been confirmed by the experimentally obtained DF spectra on the basis
of the similarity between DF spectra pumping different LIF bands of each isomer.
In the cases of all three isomers, DF spectra are dominated by a CO stretch
progression when the origin band or the CO stretch band in the LIF spectrum (e.g., bands
A and A* of 3- MCHO) is pumped. This has been observed in DF spectra of all primary
and secondary chain alkoxy radicals,34 as well as cyclohexoxy,35 which was attributed to
the large FCFs for such transitions because of the large difference in X̃ / Ã-and B̃ -state CO
bond lengths (ΔRCO ∼ 0.2 Å). When other vibronic bands in the LIF spectra were pumped,
DF transitions to the ground state vibrational level of the same vibrational mode as the
pumped band were observed because of large FCFs of such transitions. Also observed were
combination bands of the pumped mode with the CO stretch modes. The combination
bands have even higher intensities than the fundamental band of the pumped mode. Such
a phenomenon was previously observed in the DF spectra of cyclohexoxy34 and can also
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be explained on the basis of the evaluation of FCFs: The large difference between CO bond
lengths of the X̃ / Ã- and the B̃ -states causes rotation of vibrational normal coordinates upon
electronic excitation. The ground-state normal coordinates of vibrational modes (other than
CO stretch) are mixed with those of the CO stretch modes in the excited state (Duschinsky
mixing), and they are coupled in the vibrational overlap integrals. As a result, when nonCO-stretch vibrational levels of the B̃ state are pumped, the DF transitions with the largest
FCFs are those to the combination levels of the pumped mode and CO stretch. Similar
combination bands were observed in other molecules with large geometry change upon
excitation, for instance, in the photoelectron spectra of the B̃ 2B2 state of H2O+: Because of
the large change in the ∠HOH angle between the neutral molecule and the cation (104° vs
57°), pure excitation of the ν1 vibrational mode (symmetric stretch) is not observed.
Instead, the photoelectron spectra are dominated by combination bands of ν1 and ν2
(bending mode).143,
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Another example that, like MCHOs, also involves vibronic

interactions is the Herzberg−Teller (HT)-allowed Ã 1B2u ← X̃ 1A1g transition of benzene, in
which the HT mode ν6 (e2g) reveals itself in combination with the totally symmetric ν1 (a1g)
because of the large difference in C−C bond length between the X̃ and the Ã state (ΔrCC =
0.0353 Å).145
It is worth noting that the Duschinsky mixing is closely related to vibronic
interactions. It has been argued theoretically that vibronic interaction, such as the HT effect,
introduces the Duschinsky rotation and breaks the mirror symmetry between the
fluorescence and the absorption spectra because of the effect of Duschinsky mixing on
transition intensities should be more pronounced for transitions to vibronically coupled
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states than those from them.146 Because of the similarity between the HT effect and the pJT
effect, such a difference is expected for pJT molecules such as MCHOs too. Moreover,
theory also shows that spectroscopic manifestations of the Duschinsky mixing are likely to
be more pronounced in molecules with lower symmetry and larger size, 147 which may
explain the observation of the “shift effect” (Figures 6.7-9) in the DF spectra of MCHOs
and cyclohexoxy but not the methoxy radical and straight-chain alkoxy radicals. Although
a theoretical analysis of the connection between the pJT effect and the Duschinsky mixing
is out of the scope of the present work, the experimentally observed DF spectra suggest a
close relation between these two effects.

6.4.2

Symmetry of Ã / X̃ States and Transition Intensities

Previously, the symmetries of the Ã / X̃ state of primary and secondary chain alkoxies with
Cs geometry as well as cyclohexoxy were determined experimentally on the basis of the
analysis of the rotational structure. It has been concluded that the X̃ state of ethoxy,24 alltrans conformers of 1-propoxy, as well as other larger primary alkoxies, 88, 134, 138 and
cyclohexoxy33 are of A″ symmetry, whereas that of isopropoxy is an A′ state.132 The
differences were explained by the interaction between the px (in the Cs plane) and py
(perpendicular to the Cs plane) orbitals of the oxygen atom and the alkyl group, which
stabilizes the free radical. The overlap of a fully occupied p-orbital with the methyl group
has a more significant stabilization effect than a half-filled one. In the case of primary
alkoxy radicals and the cyclohexoxy radicals, the px orbital is extended toward the alkyl
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groups. The electron configuration with fully occupied px orbital and half-filled py orbital,
therefore, has lower energy so that the ground electronic state has A″ symmetry. For
isopropoxy, the py orbital has a better overlap with the two methyl groups, and hence the
electronic state with A′ symmetry has lower energy. Interaction between the O atom and
the methyl groups in 4-MCHO is similar to that of cyclohexoxy; a X̃ 2A″ state is therefore
expected, which is consistent with quantum chemical calculations.
No rotationally resolved spectra of 4-MCHO have been obtained. Therefore,
definitive experimental evidence of its X̃ / Ã state symmetry is still elusive. However,
relative intensities of the B̃ → X̃ and B̃ → Ã origin bands in the DF spectra (Figure 6.2)
support the conjecture above that the ground electronic state of 4-MCHO has A″ symmetry.
Theoretical analysis of the electric transition dipole moment (TDM) for the B̃ −X̃ and B̃ −Ã
transitions was provided in refs.33, 132 The B̃ 2A′−X̃ / Ã 2A′ TDM is dominated by the HT
type effect because of the difference between the permanent dipole moment (PDM) of the
upper and lower states. Because the difference in PDM is mainly due to the large variation
of the CO bond length upon excitation, the HT-induced TDM is oriented approximately
along with the CO bond, defined to be the z-axis. Based on symmetry argument, the TDM
of the B̃ 2A′−X̃ / Ã 2A″ transition is along the y-axis, defined as perpendicular to the Cs
plane, and has the same magnitude as the x-component of the TDM of the B̃ 2A′−X̃ / Ã 2A′
transition, which is much smaller than its z component. The B̃ 2A′−X̃ / ÃA″ TDM is
therefore expected to be significantly smaller than that of the B̃ 2A′−X̃ / ÃA′ transition if no
coupling between the Ã and X̃ states is involved. Although coupling between these two
states via SO interaction reduces the difference between the intensities of the B̃ 2A′−X̃ / Ã
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A′ and B̃ 2A′−X̃ / Ã 2A″ transitions,122 the former is still of stronger intensity than the latter.

In addition, the zero-red-shift peaks may contain scattering of the LIF excitation laser,
although the gate delay time in the DF experiment was significantly long compared to the
laser pulse duration. The relatively stronger B̃ −Ã origin band in the DF spectrum of 4MCHO with the LIF origin band pumped, therefore, supports the prediction of quantum
chemical calculations that its ground electronic state has A″ symmetry.
When symmetric vibrational modes of the B̃ state of 4- MCHO are pumped, using
a similar symmetry argument, the B̃ → Ã origin band in the DF spectra is expected to be
stronger than the B̃ → X̃ one the same as when the LIF origin band is pumped. On the
contrary, when antisymmetric vibrational modes are pumped, the relative intensities are
reversed: the B̃ −X̃ band has a higher intensity. The intensity pattern can, therefore, be used
to determine the vibrational symmetry of the upper level of the LIF transition. Such a
conclusion is consistent with all vibronic assignment in ref. 36 except for band D of 4MCHO at 441 cm−1 relative to the LIF origin band), which was assigned to ν28 (a′). We
reassign band D to ν53 (a″), predicted to be at 463 cm−1 by CASSCF calculations.36
The 2- and 3-MCHO radicals do not have Cs symmetry. However, the calculations
also predict that, like 4-MCHO, their X̃ states have the half-filled px orbital oriented
perpendicular to the Cs plane, i.e., a “pseudo-A″ state” with half-filled py orbitals. Such a
prediction has been confirmed by the DF spectra of these two isomers with the LIF origin
band pumped, in which the B̃ −Ã origin bands have higher intensity.
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In the DF spectra of all three isomers, fluorescence emissions to vibrationally
excited levels are dominated by transitions to the Ã rather than the X̃ state levels. In the
case of 4-MCHO, the latter transitions are often unobservable, probably because of the
high symmetry of 4-MCHO compared to the other two isomers. As discussed above, the
A″ state steals intensity from the A′ state through SO interaction. The observed difference
in transition intensities between DF transitions to the vibrational ground levels and
vibrationally excited levels of the Ã / X̃ state may suggest smaller SO interaction between
the vibrationally excited levels of the Ã and X̃ states than their vibrational ground levels.

6.4.3

Ã−X̃ Separation

The experimentally determined energy separation between the Ã and X̃ states and their
symmetries can be used to test ab initio calculations. In the previous works on ethoxy, 24
isoproxpoxy132 and cyclohexoxy,33 DFT calculations correctly predicted the energy
ordering of the A′ and A″ states and semiquantitatively the magnitude of the Ã−X̃
separation. In the present work on 4-MCHO the DFT calculations demonstrate the same
level of accuracy. For isomers without Cs symmetry, 2-MCHO and 3-MCHO, such strategy
does not work. Prediction of Ã−X̃ separations using other quantum chemical methods such
as CASSCF are in process.
Within the three isomers studied in the present work, 2- MCHO shows a uniquely
large Ã−X̃ separation as well as smaller B̃ −X̃ excitation energy.36 Both observations may be
explained by the interaction between the oxygen atom and the methyl group: Of the three
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isomers, the methyl group is closest to the oxygen atom in 2-MCHO and hence the
strongest interaction.

6.5

Conclusions

DF spectra of 2-, 3-, and 4-MCHO radicals have been observed under jet-expansion
conditions. Some important information about MCHO radicals has been obtained in
analyzing the DF spectra, including (i) the energy separations between ground vibrational
levels of the ground electronic state ( X̃ ) and the low-lying electronic state ( Ã ), (ii) the
vibrational structure of these two states, and (iii) relative intensities of transitions from the
vibronic levels of the high-lying B̃ state to the vibrational levels of the lower states. The
DF spectra are dominated by the CO stretch progression when the origin band or the CO
stretch band of the LIF spectra is pumped. When other vibronic bands are pumped,
progressions of the CO stretch modes combined with the pumped mode are observed. The
experimentally obtained spectra provide benchmarks to quantum chemical calculations in
terms of energies of electronic states, vibrational frequencies in pJT-coupled states, and
FCFs of vibronic transitions to such states. Evidence for vibrational population relaxation
in the B̃ state following photoexcitation has been observed. Such relaxation is from the CO
stretch level to the ground vibrational level or from combination levels of CO stretch and
other vibrational modes to those of the non-CO stretch modes.
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of 4-MCHO (cm−1)a.

Table 6.1. Red Shifts (“rs”) from the Pumped LIF Bands (A−F) and Relative Wavenumbers (“rel”) Observed in the DF Spectra

a

Relative wavenumbers are calculated to elucidate vibrational assignments (see footnotes).

Letters in squared brackets correspond to labels in Figure 6.2.
Letter “w” denotes weak DF bands.
b

Redshift relative to the averaged value of Ã−X̃ separation (76 cm−1). The relative

wavenumber corresponds to the Ã-state vibrational level.
c

Redshift relative to the Ã-state vibrational frequency of the pumped mode νpump. The

relative wavenumber corresponds to the lower-state CO stretch level. When the
combination band F was pumped, two progressions were observed, corresponding to νpump
and νpump′. The relative wavenumbers for the former and later progressions are calculated
with respect to band f and band b′, respectively.

125

126

DF Spectra of 3-MCHO (cm−1)a.

Table 6.2. Red Shifts (“rs”) from the Pumped LIF Bands (A−C, A*−C*) and Relative Wavenumbers (“rel”) Observed in the

a

Letters in square brackets correspond to labels in Figure 6.4.

b

Redshift relative to the averaged value of the Ã−X̃ separation (62 cm−1).

c

Redshift relative to the Ã-state vibrational frequency of the pumped non-CO-stretch mode

νpump.
d

Redshift relative to n νCO + νpump. The relative wavenumber corresponds to the B̃ -state

CO stretch level.
e

Large uncertainty due to spectral congestion.
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Spectra of 2-MCHO (cm–1)a.

Table 6.3. Red Shifts (“rs”) from the Pumped LIF Bands (A−F) and Relative Wavenumbers (“rel”) Observed in the DF

a

Letters in square brackets correspond to labels in Figure 6.6.

b

Redshift relative to the averaged value of the Ã−X̃ separation (110 cm−1).

c

Redshift relative to the Ã-state vibrational frequency of the pumped mode νpump.
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Table 6.4. Calculated vibrational frequencies (cm−1) of X̃ state 4-MCHO (with pseudoJahn-Teller distorted geometry) and Franck-Condon factors (FCFs) for transitions from the
vibrational ground level of its B̃ state to X̃ state fundamental vibrational levels. (Threshold
for FCFs is 0.001.)

Continued next page.
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Continued.

a

CO stretch
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Table 6.5. Calculated vibrational frequencies (cm−1) of Ã 2A' state 4-MCHO and FranckCondon factors (FCFs) for transitions from the vibrational ground level of its B̃ 2B' state to
Ã 2A' state fundamental vibrational levels. (Threshold for FCFs is 0.001.)

Continued next page.
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Continued.

a

CO stretch
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Table 6.6. Calculated vibrational frequencies (in cm−1) of X̃ state 3-MCHO and FranckCondon factors (FCFs) for transitions from the vibrational ground level of its B̃ state to X̃
state fundamental vibrational levels. (Threshold for FCFs is 0.001.)

Continued next page.
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Continued.

a

CO stretch
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Table 6.7. Calculated vibrational frequencies (cm−1) of X̃ state 2-MCHO and FranckCondon factors (FCFs) for transitions from the vibrational ground level of its B̃ state to X̃
state fundamental vibrational levels. (Threshold for FCFs is 0.001.)

Continued next page.
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Continued.

a

CO stretch
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Figure 6.1. Half-filled orbitals of the lowest-energy conformers of (a) 2-MCHO, (b) 3MCHO, and (c) 4-MCHO. Hydrogen atoms are not shown for clarity except the one at
the C1-position.
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Figure 6.2. DF spectra of 4-MCHO. Numbers in parentheses after the LIF bands are
relative wavenumbers with respect to the origin band (band A) at 26906 cm–1.
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Figure 6.3. DF spectra of 2, 3-, and 4-MCHOs by pumping the LIF origin bands
compared with calculated transition intensities and simulated spectra. Blue and red
sticks represent B̃ → X̃ and B̃ → Ã transitions, respectively.
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Figure 6.4. DF spectra of 3-MCHO. Numbers in parentheses after the LIF bands are
relative wavenumbers with respect to the origin band (band A) at 26677 cm–1.
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Figure 6.5. Excited-state vibrational population relaxation (wavy arrows) and
fluorescence emission (red arrows) after B̃ ← X̃ excitation (black arrow) of 3-MCHO
to CO-stretch combinations bands (νCO + ν*). X̃ and Ã states are semi degenerate.
Dashed horizontal lines represent vibrational energy levels of the X̃ state.
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Figure 6.6. DF spectra of 2-MCHO. Numbers in parentheses after the LIF bands are
relative wavenumbers with respect to the origin band (band A) at 26275 cm–1.
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Figure 6.7. DF spectra of 4-MCHO. The spectra by pumping vibronic bands other than
the origin band (A) in the LIF spectrum are blueshifted by the A-state vibrational
frequency of the pumped mode so that the DF bands to the Ã-state vibrational level of
the pumped modes are aligned.

144

Figure 6.8. DF spectra of 3-MCHO. The spectra by pumping vibronic bands other than
the origin band (A) and the CO stretch band (A*) in the LIF spectrum are blueshifted
by the A-state vibrational frequency of the pumped mode so that the DF bands to the
Ã-state vibrational level of the pumped modes are aligned.
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Figure 6.9. DF spectra of 2-MCHO. The spectra by pumping vibronic bands other than
the origin band (A) in the LIF spectrum are blueshifted by the A-state vibrational
frequency of the pumped mode so that the DF bands to the Ã-state vibrational level of

the pumped modes are aligned.
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Figure 6.10. Figure: B-state vibrational mode ν54 of 2-MCHO.
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CHAPTER VII
DISPERSED FLUORESCENCE SPECTROSCOPY OF JET-COOLED 1METHYLCYCLOHEXOXY RADICALS

7.1

Introduction

The cyclohexoxy radical and its methyl substitutions are important reaction intermediates
in combustion and atmospheric chemistry.148, 149 Spectroscopic investigations can serve as
diagnostics of these free radicals in kinetic studies,36, 37, 150, 151 and provide information
about their structure and dynamics. Previously, laser-induced fluorescence (LIF)37 and
dispersed fluorescence (DF)93 spectra of 2-, 3-, and 4-methylcyclohexoxy (MCHO)
radicals have been obtained under jet-cooled conditions. Spectral analysis and assignment
helped determination of the vibronic structure of these isomers and understanding of the
effect of methyl substitution. Furthermore, the LIF spectrum of 1-MCHO was reported by
Wu et al.37 Significant differences between LIF spectra of the four positional isomers of
MCHOs have been found. For instance, strong CO-stretch progressions are present in the
LIF spectra of the 4- and 3-MCHO radicals but not in those of 2- and 1-MCHOs. Within
all four positional isomers, 1-MCHO is unique due to its tertiary structure and the
juxtaposition of the methyl group to the CO bond. In addition, two lowest-energy
conformers, chair-axial, and chair-equatorial have been observed in the LIF spectra under
148

jet-cooled conditions, which further complicates the spectrum. In the present letter, we
report the DF spectra of 1-MCHO under jet-cooled conditions. They are significantly
different from those of 2-, 3-, and 4-MCHOs, which are similar to one another.

7.2

Quantum Chemical Calculations

1-MCHO radicals, there are two types of conformers, namely, chair conformers and
twisted-boat conformers. Calculations predicted the energy barriers from the twisted-boat
to the chair conformers are about 3.05−4.96 kcal/mol, while the barriers from chair
conformers to twisted-boat conformers are 8.62−10.43 kcal/mol. Thus, twisted-boat
conformers are easy to convert to chair conformers. 37 The lowest energy conformer of 1MCHO is a chair-axial conformer in which the oxygen atom is located at the axial
orientation, while the methyl group is at the equatorial orientation. One the other hand
chair-equatorial conformer in which oxygen atom at the equatorial position and the methyl
group at the axial orientation and is 1.60 kcal/mol higher in energy than the chair-axial
conformer.37 Both chair-axial and chair-equatorial conformers of 1-MCHO radical have
Cs symmetry. Previously, extensive calculations were performed on the X̃- and B̃ -state 1MCHO radicals and used to guide the analysis of the experimentally obtained LIF
spectra.37 Such analysis allowed the assignment of vibronic bands in the LIF spectra and
suggests that all LIF bands observed under jet-cooled conditions are due to the lowestenergy conformers. In the present work, two types of new calculations have been carried
out in aid of the analysis of the DF spectra. First, density functional theory (DFT)
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calculations at the UCAM-B3LYP/6-311+G(d,p)112 level of theory were performed to
predict the energy separation between the X̃ and the Ã states of two conformers of 1MCHO, which retains the Cs symmetry of the 1-MCHO radical. This was done by putting
the unpaired electron in either px or py orbitals localized on the oxygen atom. The
calculations predict that the ground electronic state ( X̃ ) has A″ symmetry whereas the first
excited state ( Ã ) is of A′ symmetry. The energy separation between these two states of
chair axial and chair equatorial conformers were found to be 286 cm−1 and 206 cm−1 (with
ZPE corrections). When the molecular symmetry was allowed to be lowered to C1 for both
conformers, geometry optimization resulted in the pJT-distorted structure of the 1-MCHO
conformers. The pJT stabilization energy, defined as the energy difference between the
ground-state (X̃ 2A″) molecule with Cs symmetry and that with C1 geometry, i.e., no
symmetry, was found to be 174 cm−1 for chair axial and 151 cm−1 for chair equatorial
conformer.
Calculated relative energies of 1-MCHO conformers, energy separation between
Ã-and X̃ -states (∆EÃ−X̃) and X̃- and Ã-state CO-stretch and C-CH3-stretch frequencies of
1-MCHO conformers are listed in Table 7.1.

7.3

Results

Selected vibronic bands in the LIF spectrum of 1-MCHO were pumped, and the DF spectra
were obtained. The LIF bands are labeled by capital letters following ref. 37 DF spectra
obtained by pumping eleven bands (B, D, E, F, G, H, I, J, K, L, N) are presented in the
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letter . DF spectra pumping most of the other bands are either structureless or of low signalto-noise ratio, which hinders definitive assignment of the transitions. Band A and Band C
in the LIF spectrum are different from other DF spectra obtained. It is therefore attributed
to an unknown impurity or some other molecular transitions. DF spectrum pumping band,
A and band C, are given in Figure 7.5.

7.3.1

Chair-Axial Conformer

DF spectra obtained by pumping eight vibronic bands (D, F, H, I, J, K, L, N) that belong
to the chair-axial conformer are compared in Figure 7.1. In the DF spectrum pumping Band
D, the LIF origin band, the first peak other than the zero-redshift one is at 238 cm−1. This
peak is hence assigned to the B̃ → Ã origin band, corresponding to an Ã−X̃ separation of
238(5) cm−1 for the chair-axial conformer. Quantum chemical calculations predicted a large
(~35 m Å) decrease in C-CH3 bond length upon B̃ ← Ã / X̃ excitation.5 Large FranckCondon factors are therefore expected for transitions from the vibrational ground level of
the B̃ state to the C-CH3 stretch levels of the Ã / X̃ state. It is also the first member of a
vibrational progression with separations of ~486 cm−1 (see figure 7.2). It is therefore
assigned to the transition to the first C-CH3 stretch level of the X̃ state. The second member
of the aforementioned progression is at 517 cm−1, 755 cm−1 above the B̃ → Ã origin band.
Hence, this transition is assigned to the C-CH3 stretch level of the Ã state. As a comparison
density functional theory (DFT) calculations at the UCAM-B3LYP/6-311+G(d) level of
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theory predicts fundamental frequencies of 553 cm−1 and 569 cm−1 for the X̃- state and Ãstate C-CH3 stretch modes, respectively.
The peak at 996 cm−1 is assigned to the first overtone of the C-CH3 stretch of the X̃
-state. The peak at 1267 cm−1 is assigned to the first overtone of the C-CH3 stretch of the
Ã-state. In both X̃- and Ã-state transition, we did not observe the CO-stretch transition.
Quantum calculation predicted the CO stretch frequencies 925 cm−1 and 919 cm−1 for X̃
and Ã-state assigned to the transition to the Ã-state CO-stretch level. But in the DF
spectrum, we did not observe any peak that can be assigned CO-stretch level. The strong
peak at 1578 cm−1 can be assigned to the combination of CO stretch and C-CH3 mode.
The strong peaks in the higher-frequency region contain multiple, partially resolved
transitions. Transition frequencies were determined in multi-peak fitting to Gaussian
shapes. Transition frequencies are summarized in Table 7.2. Three vibrational progressions
are determined: νC-CH3 ( X̃ ), νC-CH3 ( Ã ), and (n-3) νC-CH3 ( X̃ )+ νCO ( X̃ ) with n=4-10
(Figure 7.2). The constant intervals between the progression members suggest the absence
of any detectable anharmonicity or Fermi resonance. Although transitions to the
fundamental levels of the X̃- and Ã-state CO stretch modes were not observed, their
vibrational frequencies were determined by vibrational combination differences to be 486
cm−1 and 1005 cm−1, respectively.
In the DF spectra of 2-, 3-, and 4-MCHO radicals, transitions to high-energy COstretch levels often have broad linewidth and are obscured by background signal due to
interaction between highly excited vibrational levels. In the present work of 1-MCHO,
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sharp C-CH3 stretch transitions were observed for X̃- and Ã-state. In addition, the intensities
of the DF peaks oscillate when the vibrational quantum numbers increase. Explanation of
these observations based computational results and theoretical analysis are given in Section
7.4
There is a noticeable difference when the origin (band D) band in the LIF spectrum
was pumped, only four strong and resolved peaks (0 cm−1, 1578 cm−1, 3126 cm−1, and 4628
cm−1) were observed in the DF spectrum. These peaks are of equal spacing and are assigned
to transitions to the vibrational ground level, the νC-CH3+νCO level, the 4νC-CH3+νCO level,
and the 7νC-CH3+νCO of the X̃ state. A possible mechanism for the difference in transition
intensities is discussed in Section 7.4.
When the band N in the LIF spectrum was pumped, the DF structure of the band
same as the origin band (band D). Hence band N can be assigned to the transition of CO
stretch level of B̃ state.

7.3.2 Chair-Equatorial Conformer
DF spectra of the chair-equatorial conformer (Figure 7.3) were obtained by pumping three
vibronic bands: B, E, G. Unlike the chair-axial conformer, the DF spectrum pumping the
LIF origin band of the chair-equatorial does not show strong transition and also signal to
noise ratio was very bad. In the DF spectrum pumping Band B, the first peak other than
the zero-redshift one is at 175 cm−1. This peak is hence assigned to the B̃ → Ã origin band,
corresponding to an Ã−X̃ separation of 175(8) cm−1 for the chair-equatorial conformer.
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maybe assigned to the B̃ → Ã origin band. Such an assignment is supported by other
experimental evidence (vide infra).
DF spectrum pumping the LIF origin band of the chair-equatorial conformer (Band
B) is significantly different from that of the chair-axial conformer. It is also the first
member of a vibrational progression with separations of ~703 cm−1 (see figure 7.4). It is
therefore assigned to the transition to the first C-CH3 stretch level of the X̃ state. The second
member of the aforementioned progression is at 735 cm−1, 910 cm−1 above the B̃ → Ã
origin band. Hence, this transition is assigned to the C-CH3 stretch level of the Ã state. As
a comparison density functional theory (DFT) calculations at the UCAM-B3LYP/6311+G(d) level of theory predicts fundamental frequencies of 708 cm−1 and 716 cm−1 for
the X̃ state and Ã -state C-CH3 stretch modes, respectively.
The peak at 1441 cm−1 is assigned to the first overtone of the C-CH3 stretch of the
X̃ -state. The peak at 1584 cm−1 is assigned to the first overtone of the C-CH3 stretch of the
Ã-state. In both X̃- and Ã-state transition, we did not observe the CO-stretch transition.
Quantum calculation predicted the CO stretch frequencies 926 cm−1 and 918 cm−1 for X̃
and Ã-state assigned to the transition to the Ã-state CO-stretch level. However, in the DF
spectrum, we did not observe any peak that can be assigned CO-stretch level. The strong
peak at 1718 cm−1 can be assigned to the combination of CO stretch and C-CH3 mode.
The strong peaks in the higher-frequency region contain multiple, partially resolved
transitions. Transition frequencies were determined in multi-peak fitting to Gaussian
shapes. Transition frequencies are summarized in Table 7.3. Three vibrational progressions
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are determined: νC-CH3 ( X̃ ), νC-CH3 ( Ã ), and (n-2) νC-CH3 ( X̃ )+ νCO ( X̃ ) with n=3-10
(Figure 7.4). The constant intervals between the progression members suggest the absence
of any detectable anharmonicity or Fermi resonance. Although transitions to the
fundamental levels of the X̃- and Ã-state CO stretch modes were not observed, their
vibrational frequencies were determined by vibrational combination differences to be 703
cm−1 and 1015 cm−1, respectively.
In the present work of 1-MCHO, sharp C-CH3 stretch transitions were observed for
X̃- and Ã-state. In addition, the intensities of the DF peaks oscillate when the vibrational
quantum numbers increase. The explanation of these observations based on computational
results and theoretical analysis is given in Section 7.4. There is a noticeable difference
when the origin (band B) band in the LIF spectrum was pumped, only four strong and
resolved peaks (0 cm−1, 1718 cm−1, 3230 cm−1, and 4715 cm−1) were observed in the DF
spectrum. These peaks are of equal spacing and are assigned to transitions to the vibrational
ground level, the νC-CH3+νCO level, the 3νC-CH3+νCO level, and the 5νC-CH3+νCO of the X̃ state.

7.4

Discussion

The Ã−X̃ separation has been experimentally determined to 238 cm−1 for the chair-axial
conformer and 175 cm−1 for the chair-equatorial conformer. These values shall be
compared to DFT-calculated values of 286 cm−1 for the chair-axial conformer and 209 cm−1
for the chair-equatorial conformer (with zero-point-energy corrections). This is consistent
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with the previous conclusion that DFT calculations provide semi-quantitative prediction of
the Ã−X̃ separation of alkoxy radicals.
The vibrational structure of the DF spectra of 1-MCHO is significantly different
from those of the other three positional isomers. For 2-, 3-, and 4-MCHOs, DF spectra of
emission from the vibrational ground level of the B̃ state are dominated by the CO-stretch
progression. On the contrary, DF spectra, by pumping the LIF origin band of the chairaxial conformer of 1-MCHO, has strong progressions that involve both CO stretch and CCH3 stretch modes. Such difference is due to different positions of the methyl group on the
six-membered ring and the steric interaction between the CO bond and the methyl group
of 1-MCHO. For all MCHO isomers, the B̃ ← X̃ excitation corresponds to the promotion
of one electron in the CO bonding orbital to the half-filled orbital on the oxygen atom. It
weakens the CO bond and hence increases the bond length. Such increment has been
predicted by quantum chemical calculations to be ~0.2 Å. Unlike the other three isomers,
for 1-MCHO, the oxygen atom and the methyl group are connected to the same carbon
atom. The weakening of the CO bond, therefore, allows the strengthening of the C-CH3
bond due to less steric repulsion. The C-CH3 bond length of the B̃ -state is 35 mÅ shorter
than that of the Ã / X̃ state according to quantum chemical calculations. Now that both CO
and C-CH3 bond lengths change significantly upon excitation, one expects to observe both
CO stretch and C-CH3 stretch transitions in the DF spectra of 1-MCHO.
The intensity pattern of the progressions of CO stretch and C-CH3 stretch modes,
however, does not follow that of a normal Franck-Condon progression. (See Figure 7.6 and
7.7) Figure 7.2 illustrates the DF spectrum of the chair-axial conformer in the region up to
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6500 cm−1 pumping the LIF origin band. The intensities of the DF peaks demonstrate an
oscillating pattern with intensity peaks at νC-CH3 ( X̃ ) and nνC-CH3 ( Ã ) with n=1,2,4,5. Such
alternation of vibronic band intensity cannot be explained by vibronic interactions such as
the pseudo-Jahn-Teller interaction between the Ã- and X̃-states or coupling between
vibration levels due to Fermi resonance and Coriolis interaction because the frequencies of
vibrational levels are unperturbed and progressions with constant spacings have been
observed. The most plausible explanation to the oscillating intensity pattern of DF peaks
is, therefore, Duschinsky rotation, which affects the intensities of the vibronic bands but
not their frequencies. Indeed, in the original paper on the effect later named after him,
Duschinsky predicted that two mixed modes would have four combination bands with large
transition intensities.122 A simulation was attempted but predicted strong CO stretch mode.
The CO stretch mode and the C-CH3 modes are mixed, which hinders quantitative analysis.
The DF spectra of 1-MCHO pumping the LIF origin band of both chair-axial and
chair-equatorial are dominated by emission to the X̃-and Ã-states. The explanation of this
observation is based on the vibronic interaction between the Ã and X̃ -state and was outlined
in our previous work on the other three isomers. 93 In brief, for all four isomers, the ground
electronic ( X̃ ) state has A'' symmetry, while the first excited (Ã) state is an A' state. The
transition dipole moment (TDM) of the B̃ A' - Ã A' transition, lying within the Cs plane, is
dominant by the Herzberg-Teller (HT)-induced TDM due to the large difference between
the permanent dipole moments (PDMs) of the two states. For the TDM of the B̃ A' - X̃ A''
transition, which is perpendicular to the Cs plane, its magnitude is expected to be close to

157

the original (non-HT) TDM component. TDM of the B̃ A' - X̃ A'' is therefore significantly
weaker than the B̃ A' - Ã A' transition.
In the DF spectrum of the equatorial conformer pumping the LIF origin band,
follow the similar pattern of axial-conformer. Also, DFT calculations, which have correctly
predicted the energy ordering of other alkoxy radicals. Another significant difference
between the DF spectra of 1-MCHO and other MCHO isomers is that the former has
narrow linewidth and partially resolved vibrational structure well into the high energy
region, whereas for the latter, the members with large vibrational quantum numbers in the
CO progressions are structureless.
DF spectra of the chair-equatorial conformer are lack of the strong progressions
observed in that of the chair-axial conformer. This might be partly attributed to the low
signal-to-noise ratio. Most probably, however, it is due to the more complicated PES and
hence the vibronic structure of the X̃ / Ã-state PES, a topic that is worth future investigation.
Furthermore, emission from the CO-stretch levels of the B̃ state of both conformers shows
only transitions to the CO stretch and C-CH3 stretch combination levels of the X̃ state. No
CO stretch transitions to the Ã-state were observed.

7.5

Conclusions

The Ã−X̃ separation of the chair-axial and chair-equatorial conformers of the 1-MCHO
radical has been experimentally determined to be 238 cm−1 and 175 cm−1, respectively.
When the LIF origin band of the chair-axial conformer of 1-MCHO is pumped, its DF
158

spectrum is dominated by three progressions of C-O stretch and C-CH3 stretch modes. The
intensity pattern of the progressions can be explained by Duschinsky mixing between these
two modes.
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Table 7.1. Numbers of conformers and their calculated relative energies, energy separation
between Ã-and X̃ -states (∆EÃ−X̃) and X̃- and Ã-state CO-stretch and C-CH3-stretch
frequencies of 1-MCHO conformers. ∆EÃ−X̃ includes zero-point-energy corrections.
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Table 7.2. Redshifts (r.s.) from the pumped LIF lines and relative wavenumbers (rel.)
observed in the DF spectra of the chair-axial conformer of 1-MCHO (cm−1).

a

Redshift relative to the Ã−X̃ separation (238 cm−1)
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Table 7.3. Redshifts (r.s.) from the pumped LIF lines and relative wavenumbers (rel.)
observed in the DF spectra of the chair-equatorial conformer of 1-MCHO (cm−1).

a

Redshift relative to the Ã−X̃ separation (175 cm−1)
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Figure 7.1. DF spectra of the chair-axial conformer of 1-MCHO. Numbers in

parentheses after the LIF bands are relative wavenumbers with respect to the origin
band (Band D) at 27614 cm−1.
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Figure 7.2. DF spectrum of band D (27614 cm−1) in the LIF of the chair-axial conformer

of 1-MCHO. The asterisks are the assignments of the DF spectrum, νC-CH3 ( X̃ ), νC-CH3
( Ã ), and νC-CH3 ( X̃ ) + νCO ( X̃ ), respectively.
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Figure 7.3. DF spectra of the chair-equatorial conformer of 1-MCHO. Numbers in
parentheses after the LIF bands are relative wavenumbers with respect to the origin
band (Band B) at 27455 cm−1.
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Figure 7.4. DF spectrum of band B (27455 cm−1 ) in the LIF spectrum of the chairequatorial conformer of 1-MCHO. The asterisks are the assignments of the DF
spectrum, νC-CH3 ( X̃ ), νC-CH3 ( Ã ), and νC-CH3 ( X̃ ) + νCO ( X̃ ), respectively.
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Figure 7.5. DF spectra of unknown LIF bands of 1-MCHO. Numbers in parentheses
are the LIF frequencies.
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Figure 7.6. Comparison between the experimental (bottom red trace) and simulated

(top black trace) DF spectra of the chair-axial conformer of the 1-MCHO radical. The
experimental DF spectra were obtained by pumping the origin band in the LIF spectrum
(Band D).
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Figure 7.7. Comparison between the experimental (bottom red trace) and simulated (top
black trace) DF spectra of the chair-equatorial conformer of the 1-MCHO radical. The
experimental DF spectra were obtained by pumping the origin band in the LIF spectrum
(Band B).
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CHAPTER VIII
ROOM-TEMPERATURE CAVITY RING-DOWN SPECTROSCOPY OF
METHYLALLYL PEROXY RADICALS

8.1

Introduction

Peroxy radicals are key reaction intermediates formed during the oxidation of
hydrocarbons in the atmosphere,2, 39 and low-temperature combustion.40, 133 Although
spectroscopy and kinetics of saturated straight-chain peroxy radicals have been extensively
investigated, and fewer studies have been done on unsaturated peroxy radicals.72, 152-154 In
particular, many intermediates in the oxidation of conjugated olefins contain the allyl
peroxy radical functionality.68, 71 This functionality is also present in four of the six possible
isomers of peroxy radicals formed in OH-initiated oxidation of 2-methyl-1,3-butadiene,
viz. isoprene,71 the most abundant non-methane biogenic hydrocarbon.155, 156 Although
direct spectroscopic or kinetic measurement of the peroxy radicals in isoprene oxidation
has not been reported, their base unit, the allyl peroxy radical was observed via roomtemperature cavity ring-down (CRD) spectroscopy.72 Using ab initio calculated molecular
constants, rotational contours of all five conformers of allyl peroxy were generated and
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used to simulate experimentally obtained CRD spectrum of the radical. Allyl peroxy is the
smallest peroxy radical with the allyl functional group. Its alkyl substitution introduces
more isomer and complicates the conformational landscape. Moreover, chemical reactions
that produce substituted allyl peroxies involve intermediates that possess multiple
resonance structures, which leads to complex reaction kinetics. Here we report roomtemperature CRD spectra of the methylallyl peroxy (MAOO·) radical. MAOO· has three
positional isomers (1-, 2-, and 3-MAOO·). Each isomer has multiple rotational conformers
or rotamers. Limited by spectral linewidth, transitions of individual conformers were not
resolved in the present work. Nevertheless, spectral simulation aided by quantum chemical
calculations allows identification of molecular carriers of recorded CRD spectra, which is
essential to future kinetic studies. Furthermore, simulating the experimental spectra helps
understand chemical reactions that produce the MAOO· radicals and the role of resonancestabilized free radical intermediates in the process.

8.2

Calculations

The PES of each MAOO· isomer is complicated by the existence of multiple
conformations. In this section, we first provide an overview of the PES landscapes and the
conformational search. Geometry optimization and energy calculation of both X̃- and Ãstate molecules will follow. They provide molecular constants and other quantities that are
necessary for spectral simulation, including relative populations of different conformers of
each isomer, frequencies, and oscillator strengths of their Ã ← X̃ electronic transitions,
vibrational frequencies, and Franck-Condon factors (FCFs) of the vibronic transitions.
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8.2.1 PES Survey and Conformational Search
The conformational search of the MAOO · radical has been done on the basis of the allyl
peroxy (CH2=CHCH2OOˑ) radical,72 which has two dihedral angles (Ф1: OOC3C2 and Ф2:
OC3C2=C1). Each dihedral angle can have three orientations in stable conformers: trans
(T), counterclockwise gauche (G), and clockwise gauche (G′) for Ф1; cis (C), G, and G′ for
Ф2. Among the total 3×3=9 stable conformers, there are four pairs of enantiomers, which
belong to the C1 point group. Therefore, the allyl peroxy radical has five optically
distinguishable conformers. For MAOO·, we label the carbon atoms the same way would
the allyl peroxy radical. The carbon atom in the substituting methyl group is labeled “C m.”
(See Figure 8.2)
1-MAOO·, a straight-chain molecule, has three dihedral angles: Ф 1: OOC3C2, Ф2:
OC3C2=C1, and Ф3: C3C2=C1Cm. Its conformations are therefore named according to these
dihedral angles. Like in the allyl peroxy radical, rotation about a non-CH single bond
introduces three conformations. If the rotating bond is a single bond and both adjacent
bonds are single bonds too, e.g., Ф1, the three possible conformations are T (trans- with
Ф~180°), G (gauche with Ф~60° counterclockwise), and G′ (gauche with Ф~60°
clockwise). If the rotating bond is a single bond and one of the adjacent bonds is a double
bond, e.g., Ф2, the three conformations are: C (cis- with Ф~0°), G (gauche with Ф~120°
counterclockwise), and G′ (gauche with Ф~120° clockwise). Rotation about a C=C double
bond, e.g., Ф3, introduces two conformations C (cis- with Ф~0°) and T (trans- with
Ф~180°). In total, there are 3×3×2=18 conformations. Two of these conformations,
namely, TCC and TCT, belong to the Cs point group. The rest of the 16 conformations,
belonging to the C1 point group, form eight pairs of enantiomers, which reduces the total
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number of optically distinguishable conformations to ten. Geometry optimization showed
that GCC (C1) and one of the Cs conformations, namely, TCC (Cs), are actually transition
structures. 1-MAOO·, therefore, has eight optically distinguishable stable conformers.
2-MAOO· can be derived from allyl peroxy by methyl substitution at the C2 position in
the parent chain. Because there is only one hydrogen atom connected to C2 and internal
rotation of the methyl group does not introduce new conformations, the number of optically
distinguishable conformations of 2-MAOO· is the same as the allyl peroxy radical, i.e., 5.
They are named according to the dihedral angles Ф 1: OOC3C2 and Ф2: OC3C2=C1.
Geometry optimization shows that all five conformations are stable structures.
Similarly, 3-MAOO· can be viewed as methyl substitution of allyl peroxy, where the
methyl group is attached to C3. In the allyl peroxy radical, there are two hydrogen atoms
connected to C3. They are equivalent for the TC (Cs) conformation but distinct for the rest
4 C1 ones. 3-MAOO·, therefore, has 1×1+4×2=9 optically distinguishable conformations.
The conformations of 3-MAOO· are named again by Ф1: OOC3C2 and Ф2: OC3C2C1.
Since the dioxygen moiety and C m are at the same center, the third dihedral angle, Ф 3:
CmC3C2C1, is predetermined given a certain combination of Ф 1 and Ф2. It hence does not
introduce new conformations. All nine conformations are stable structures. Since all 3MAOO· conformers belong to the C1 point group, each of them has its enantiomer.
Table 8.1 summarizes the numbers of (optically distinguishable) conformations,
transition structures, and stable conformers of all three isomers of MAOO·. Newman's
projections are illustrated in Figures 8.8-10.
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8.2.2 Quantum Chemical Calculations
Density functional theory (DFT) calculations at the B3LYP/6-31+G(d,p) level of theory
were carried out on ground-state MAOO· conformers using the Gaussian 09 software
package.114 Relative energies of conformers with zero-point energy corrections are listed
in Tables 8.2 and 8.3. Time-dependent (TD-)DFT calculations at the same level were
employed for calculations of Ã-state molecules. Geometries and vibrational frequencies of
both states were predicted in the calculations. In addition, vertical and adiabatic excitation
energies of the Ã ← X̃ transition were determined. The calculated geometric parameters of
all conformers are summarized in Table 8.4.

8.2.3 Spin Densities of the 1-MA Radial and PES Scan Along the Reaction Coordinate
of Oxygen Addition
The 1-MA radical has two resonance structures (CH3CH=CHCH2· and CH3CH·CH=CH2).
Their population ratio at equilibrium is determined by the nature and extent of electron
delocalization. Atomic partition of the spin density at the B3LYP/6-31+G(d,p) level of
theory157 finds that 52% of the spin is on the terminal C and 48% on the non-terminal one
(Figure 8.3).
In order to compare reaction rate constants k1-MAOO and k3-MAOO, the Complete Basis
Set (CBS)-QB3 method was employed to scan the PESs along the reaction coordinate of
oxygen addition. In these calculations, the distance between the C 3 atom and the center of
the OO moiety is varied from 1.5 Å to 6.0 Å. Other coordinates are optimized at each step
of the PES scan. Since the gauche conformer of the 1-MA radical is significantly lower in
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energy than its cis conformer, only the lowest-energy conformers of 1- and 3-MAOO· with
a gauche CCCC dihedral angle are included. The scans of PESs along the reaction
coordinates are plotted in Figure 8.4. Oxygen addition on either the terminal or the nonterminal positions has a small barrier (<3 kcal/mol) because of the elimination of the allylic
resonance.158 Both the heights of the barriers and the depth of the wells are similar for the
production of 1- and 3-MAOO·s. Reaction rate constants k1-MAOO and k3-MAOO, are therefore
expected to be close.
Because the two free radical positions of 1-MA have similar spin densities and the
reaction rates for oxygen addition on these two positions are expected to be similar, the
branching ratio between production of 1- and 3-MAOO·’s using either 1-chloro-2-butene
or 3-chloro-1-butene as a precursor (Reactions 5 and 6) is expected to be 1:1.

8.3

Spectral Simulation and Assignment

Calculated adiabatic Ã ← X̃ transition frequencies of MAOO· conformers are used to
simulate experimentally observed spectra. Calculation of transition intensities takes into
consideration the following factors:

8.3.1 Relative Populations of MAOO· Isomers
When 3-chloro-2-methyl-1-propene is used as the precursor, only one of the three isomers
of MAOO·, namely, 2-MAOO·, can be produced. Its relative population is therefore set to
unity. Both 1- and 3-MAOO· isomers can be produced using either 1-chloro-2-butene or 3chloro-1-butene as a precursor. Based on the discussion above, populations of these two
175

isomers are expected to be close. In the spectral simulation, weights of these two isomers
are set to 52:48, the ratio of spin densities on the terminal and non-terminal positions of
the 1-MA radical.

8.3.2

Population Ratios of Different Conformers of Each Isomer

PES scans, along with reaction coordinates that connect different rotamers of each isomer
of MAOO·, are illustrated in Figures 8.11-16. The energy barriers are relatively low (<3
kcal/mol). In the spectra simulation, we assumed that relative populations of all conformers
of each isomer follow the Boltzmann distribution. The Boltzmann distribution factors and
relative populations of conformers are given in Tables 8.2 and 8.3. As shall be
demonstrated below, the assumption of the Boltzmann distribution does not always provide
the ideal simulation of transition intensities.

8.3.3 Degeneracy of Each Conformer
This is equal to the number of enantiomers of each conformer. Conformers that belong to
the Cs point group have a single conformation. For other conformers, belonging to the C1
point group, there are two equivalent conformations that are not optically distinguishable.
The weights for the latter conformers are therefore doubled in spectral simulation. The
degrees of the degeneracy of MAOO· conformers are given in Tables 8.2 and 8.3.

8.3.4 Oscillator Strength of the Electronic Transition for each Conformer
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Ã ← X̃ transition of peroxy radicals is analogous to the triply forbidden a1Δg− X̃ 3Σg−
transition of O2. Due to the nature of the forbidden transition, TD-DFT calculated oscillator
strengths are not reliable. Because the electron promotion is localized to the OO moiety
and the influence of the molecular conformation is expected to be insignificant, oscillator
strengths of different conformers of MAOO· are all set to unity in the spectral simulation.

8.3.5 Franck-Condon Factors (FCFs) of the Vibronic Transitions
FCFs for vibronic transitions were calculated using the ezSpectrum program. 121 Because
the electron promotion is limited to the dioxygen moiety, the most significant geometric
change for the Ã ← X̃ transition is the elongation of the OO bond (see Table 8.4).
Therefore, only the origin ( ν' = 0 to ν'' = 0 ) transitions and transitions to Ã-state vibrational
levels with OO-stretch characters have considerable FCFs, as confirmed by calculations
using ezSpectrum.
Relative transition intensities of all conformers are calculated as products of the
factors listed above. To simulate the experimental spectra, several line-broadening
mechanisms need to be considered, including the linewidth of the light source (~1 GHz),
Doppler broadening (300 MHz), and pressure broadening (on the order of 1 GHz under the
current experimental conditions). With these line-broadenings, the rotational structure of
MAOO· radicals cannot be resolved, and only rotational contours are expected in the
experimental spectra. However, these mechanisms are not sufficient to explain the absence
of any narrow features in the experimental spectra attributable to MAOO· (see below). The
lack of narrow features in the experimental CRD spectra can be explained by lifetime
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broadening, which was detected in previous CRD spectra of the allyl peroxy radical. 72 Due
to the weak CO bond, the Ã state of allyl peroxy is expected to overlap with the dissociative
continuum of the X̃ state, which leads to predissociation and short lifetime of Ã-state
energy levels. Spectral simulation using an asymmetric rotor model suggests that lifetime
broadening on the order of 1 cm−1 would remove remaining features in the rotational
contours of MAOO·, which span more than 10 cm−1. Therefore, instead of adopting
simulated rotational contours, calculated transition intensities are convoluted by a Gaussian
line shape with a full width at half maximum (FWHM) of 15 cm−1 in the present work.
Simulated spectra of all produced conformers are superposed to reproduce the roomtemperature CRD spectra.

8.3.6 Simulation of CRD Spectrum of 2-MAOO·
We first compare the experimental and simulated spectra of 2-MAOO· (Figure 8.5) as it
was separated from the other two isomers in free radical production. The lowest-frequency
and strongest peak at ~7640 cm−1 in the experimental spectrum is assigned to the Ã ← X̃
origin. However, TD-DFT calculations overestimate the electronic transition frequencies.
A scaling factor of 0.887 is therefore applied to calculated electronic transition frequencies
of all conformers to match the experimental and simulated spectra. Simulated spectra of all
conformers of 2-MAOO· are weighted by their calculated relative populations and
combined to generate the overall spectrum of 2-MAOO· (thick line in Figure 8.5b). (See
Figure 8.17). The simulation underestimates the transition intensity of the lowest-energy
conformer (TG). Such discrepancy between the experimental and simulated intensities may
be attributed to inaccuracy in the calculation of FCFs and/or to the non-Boltzmann
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distribution of different conformers. Figure 8.6 compares the experimental spectrum to
simulations assuming Boltzmann distribution at different temperatures. Simulation with
T=50 K best reproduces the experimental spectrum.
The spectral simulation predicts a strong transition to the v = 1 level of the OO stretch
mode. Experimentally, a strong peak ~8615 cm−1 blue-shifted from the origin band was
observed in the CRD spectrum and can be assigned to the OO-stretch band. The calculated
Ã-state OO-stretch frequencies of 2-MAOO· conformers are listed in Table 8.3. To better
reproduce the experimental spectrum, a scaling factor of 0.9 is applied to the calculated
vibrational frequencies. It should be compared to the scaling factor of 0.964±0.023
recommended by the CCCDBD database107 for B3LYP/6-31+G(d,p) calculations, which
implies that TD-DFT calculations used in the present work significantly overestimate the
Ã state OO bond strength.

8.3.7 Simulation of CRD Spectra of 1-MAOO· and 3-MAOO·
CRD spectra of 1- and 3-MAOO· using 3-chloro-1-butene or 1-chloro-2-butene as a
precursor are shown in Figure 8.7a and 8.7b, respectively. These two spectra using different
precursors are almost identical, which confirms the expectation that allylic rearrangement
is significantly fast than oxygen addition. Strong absorption with sharp features between
7300 and 7500 cm−1 is due to methyl peroxy.159 In addition, a broad and long-lived baseline
absorption is present in both spectra. It is attributed to unidentified stable photolysis
products.
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Simulated spectra of all conformers of each isomer are combined to generate spectra
of the isomers (thick lines in Figure 8.7c and 8.7d) (See Figures 8.18 and 8.19 for details.)
By matching the calculated Ã ← X̃ adiabatic transition frequencies to the strong origin
bands in the experimental spectra at 7610 cm−1 (1-MAOO·) and 7810 cm−1 (3-MAOO·),
electronic scaling factors are determined to be 0.879 and 0.887 for 1- and 3-MAOO·,
respectively. The OO-stretch region of the experimental spectra is contaminated by strong
precursor absorption (See Figure 8.20). Therefore, OO-stretch bands of 1- and 3MAOO· were not observed. Nevertheless, the same vibrational scaling factor as 2MAOO· (0.9) is used in the simulation of the spectrum of 1- and 3-MAOO· radicals.
In simulating the overall spectra of 1- and 3-MAOO· isomers (Figure 8.7e), the relative
populations of 1-MAOO·:3-MAOO· is set to 52:48, the calculated ratio of spin densities on
the terminal and non-terminal positions. The simulated spectrum reproduces the
experimental one qualitatively. In Figure 8.21, the population ratio is adjusted to
demonstrate its effect on the overall spectrum. Although an accurate determination of the
population ratio from the experimental spectrum is not possible due to the existence of the
broad baseline and interference of the CH3OO· absorption, the experimental CRD spectrum
confirms that populations of the 1- and 3-MAOO· radicals produced in the present
experiment are comparable to each other.

8.4

Conclusions

Room-temperature CRD spectra of Ã ← X̃ electronic transitions of all three isomers of the
MAOO· radical have been recorded. The free radicals were produced in a 193 nm
photolysis of selected methyl-substituted allyl chlorides, including 1-chloro-2-butene, 3180

chloro-2-methyl-1 propene, and 3-chloro-1-butene, in the presence of O2. The vibronic
structure of experimentally observed spectra was simulated using calculated electronic
transition frequencies, vibrational frequencies, and FCFs. When 1-chloro-2-butene or 3chloro-1-butene is used as a precursor, either of the two resonance-stabilized structures of
1-MA ( CH3CH=CHCH 2   CH3CH  CH=CH 2 ) is produced in the photolysis. The
subsequent allylic rearrangement and interconversion between the two resonance
structures are significantly faster than oxygen addition that forms the peroxy radicals,
resulting in identical peroxy spectra using these two precursors. Spin density calculations
and PES scans suggest that the branching ratio between the terminal and non-terminal
oxygen addition is close to unity, which is confirmed in simulating the overall spectra of
1- and 3-MAOO· radicals.
The experimental investigation reported in the present paper is the first attempt at the
spectrum of an important and intriguing free radical. In order to reduce spectral congestion
and achieve better resolution, one may produce the MAOO· radicals with the pulsed
discharge of stable precursors in a slit-jet supersonic expansion in the presence of
oxygen.104, 160 Also, it would be beneficial to use narrow linewidth near-IR sources, e.g.,
the first-order Stokes of a Ti:Sapphire amplifier. 161 Construction of a high-resolution, jetcooled CRD spectroscopy apparatus is in process.
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Table 8.1. Numbers of (optically distinguishable) conformations, transition structures, and
stable conformers of 1-, 2- and 3-MAOO· radicals.
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Table 8.2. Relative energies, Boltzmann distribution factors, and relative populations of 1and 3-MAOO· conformers. ∆E

Ã−X̃

is the adiabatic transition frequency between the X̃ and

Ã states. νOO ( Ã ) is the Ã-state OO stretch frequency.

a

Zero-point energy corrections included.

b

Normalized for each isomer.

c

Normalized for 1- and 3-MAOO· combined. The population ratio of 1-MAOO·:3-

MAOO· is set to 52:48. (See text).
d

Transition structures.
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Table 8.3. Relative energies, Boltzmann distribution factors, and relative populations of 2MAOO· conformers. ∆E

Ã−X̃

is the adiabatic transition frequency between the X̃ and Ã states.

νOO ( Ã ) is the Ã-state OO stretch frequency.

a

Zero-point energy corrections included.

b

Normalized.
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Table 8.4. Geometric parameters of conformers of 1-, 2- and 3- MAOO· radicals in the X̃
and Ã states calculated at the B3LYP/6-31+G(d,p) level of theory.

a
b

Transition structures.
Converges to the GGC conformer upon geometry optimization.
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rearrangement.

MAOOˑ radicals using either (b) 1-chloro-2-butene or (c) 3-chloro-1-butene as the precursor. Bidirectional arrows denote allylic

Figure 8.1. Schematics of production of (a) 2-MAOOˑ radical using 3-chloro-2-methyl-1-propene as the precursor, and 1- and 3-

Figure 8.2. Schematics of 1-, 2- and 3-MAOO· radicals showing the convention used
to label carbon atoms in the present work.
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Figure 8.3. Plots of spin densities of X̃-state (a) cis-1-methylallyl and (b) trans-1methylallyl radicals calculated at the B3LYP/6-31+(d,p) level of theory. The regions
in red and purple meshes represent excess α spin and β spin, respectively.
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Figure 8.4. PES scans for production of 1- and 3-MAOO· isomers along the reaction
coordinate of oxygen addition. RC…(OO) is the distance between the C3 atom and the
center of mass of the OO moiety.
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Figure 8.5. (a) Experimental CRD spectrum of the 2-MAOO· radical (red) in
comparison with simulation at the temperature of 300 K (green). Sharp peaks between
7300 and 7500 cm−1 in the experimental spectrum are due to residual water absorption.
(b) Simulated spectrum of 2-MAOO·. Thin lines are simulated spectra of individual
conformers weighted by relative populations. The thick green line is superposition of
simulated spectra of all conformers.
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Figure 8.6. (a) Experimental CRD spectrum of the 2-MAOO· radical (red) in
comparison with simulation at the temperature of 50 K (purple). (b) Simulated spectra
of 2-MAOO· at different temperatures. Overall spectra of 2-MAOO· are calculated as
summation of spectra of all conformers weighted by their relative populations
assuming the Boltzmann distribution (not shown in the figure). All spectra are offset
for clarity. The simulation with T=50 K (purple) reproduces the experimental spectrum
the best.

191

Figure 8.7. CRD spectrum of the 1- MAOO· and 3- MAOO· radicals using either (a) 3chloro-1-butene (blue) or (b) 75% 1-chloro-2-butene and 25% 3-chloro-1-butene
mixture (red) as precursors. Strong absorption with sharp features between 7300 and
7500 cm−1 is due to methyl peroxy. Experimental spectra are compared with simulated
overall spectra of 1- and 3-MAOO· radicals (green). (c) Simulated spectrum of 1MAOOˑ. (d) Simulated spectrum of 3-MAOO·. Thin lines in (c) and (d) are simulated
spectra of individual conformers weighted by populations, while the thick green line is
their superposition. (e) Superposition of the simulated spectra of both isomers (green)
with weights of 52% for 1-MAOO· (red) and 48% for 3-MAOO· (blue).
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Figure 8.8. Newman projections of 1-MAOO· conformers.
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Figure 8.9. Newman projections of 2-MAOO· conformers.
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Figure 8.10. Newman projections of 3-MAOO· conformers.
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Figure 8.11. A scan of the potential energy surface of 1-MAOO· along the coordinate of
the CCOO dihedral angle. Molecular geometry is optimized at each step of the scan.
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Figure 8.12. A scan of the potential energy surface of T 1-MAOO· along the coordinate
of the CCCO dihedral angle. Molecular geometry is optimized at each step of the scan.
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Figure 8.13. A scan of the potential energy surface of 2-MAOO· along the coordinate of

the CCOO dihedral angle. Molecular geometry is optimized at each step of the scan.
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Figure 8.14 A scan of the potential energy surface of 2-MAOO· along the coordinate of
the CCCO dihedral angle. Molecular geometry is optimized at each step of the scan.
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Figure 8.15. A scan of the potential energy surface of 3-MAOO· along the coordinate of
the CCOO dihedral angle. Molecular geometry is optimized at each step of the scan.
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Figure 8.16. A scan of the potential energy surface of 3-MAOO· along the coordinate of

the CCCO dihedral angle. Molecular geometry is optimized at each step of the scan.
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Figure 8.17. Simulated spectra of 2-MAOO· conformers. Overall spectrum of 2-MAOO·
is calculated as summation of spectra of all conformers weighted by their relative
populations at 300 K. All spectra are offset for clarity.
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Figure 8.18. Simulated spectra of 1-MAOO· conformers. Overall spectrum of 2-MAOO·
is calculated as summation of spectra of all conformers weighted by their relative
populations at 300 K. All spectra are offset for clarity.
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Figure 8.19. Simulated spectra of 3-MAOO· conformers. Overall spectrum of 3MAOO· is calculated as summation of spectra of all conformers weighted by their
relative populations at 300 K. All spectra are offset for clarity.
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Figure 8.20. CRD spectra of MAOO· isomers (red) and their precursors: 3-chloro-2methyl-1-propene for 2-MAOO· production (top), and 75% 1-chloro-2-butene and 25%
3-chloro-1-butene mixture for 1- and 3-MAOO· production (bottom). The free radical
spectra are obtained by subtracting the “photolysis laser off” spectrum (black) from the
“photolysis laser on” spectrum (blue).
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Figure 8.21. (a) CRD spectrum of the 1- MAOO· and 3-MAOO· radicals. (b) Simulated

spectrum of 52% 1-MAOO· + 48% 3-MAOO· (c) Simulated spectra with different
population ratios of 1- MAOO· and 3- MAOO·. Spectra are offset for clarity.
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CHAPTER IX
CONCLUSIONS

Alkoxy and peroxy radicals are important reaction intermediates in the combustion of fossil
fuels and the atmosphere, especially in the troposphere. Spectroscopic study of the free
radicals, namely substituted and unsaturated alkoxy and peroxy radicals can advance our
understanding of many important chemical processes, including the combustion of fossil
fuels and biofuels in internal combustion engines, and oxidation of hydrocarbons in the
atmosphere. Spectroscopic characterization of these intermediates can provide information
on their structural as well as dynamical properties. Spectroscopy of these intermediates can
also help understand interesting molecular phenomena like the pseudo-Jahn Teller effect
(pJT).
LIF, DF, and CRDS techniques have been implemented to study reactive chemical
intermediates. Spectra of isobutoxy, 2-methyl-1-butoxy, isopentoxy, 1-, 2-, 3-, and 4MCHO and methyl allyl peroxy radicals were obtained, analyzed and assigned on the basis
of vibrational frequencies and Franck-Condon factors predicted by quantum chemical
calculations. These calculations provided useful spectroscopic parameters such as
rotational constants, harmonic and anharmonic vibrational frequencies, electronic
excitation energies, and intensities of vibronic transitions.
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LIF spectrum of isopentoxy and DF spectra of isobutoxy, 2-methyl-1-butoxy,
isopentoxy, and MCHOs radicals were obtained, and the single-conformer assignments
have been confirmed by pumping different vibronic bands in their LIF spectrum. Different
vibrational structures have been observed in the DF spectra when different vibronic bands
in the LIF spectrum of each radical were pumped, which suggests that those vibronic bands
be assigned to different conformers. In general, spectral simulation confirms lowest-energy
conformers as spectral carriers. Analysis of the spectra yields the energy separation
between the vibrationless levels of the X̃ and Ã states for most of the isomers and
conformers. Both LIF and DF spectra of alkoxy radicals are usually dominated by COstretch progressions because of the large difference in CO-bond length between the ground
( X̃ ) and the excited ( B̃ ) electronic states, hence the large FC factors for the transitions.
However, in the case of isopentoxy radicals, B̃ -state β C-C fission or predissociation of the
B̃ state via CO-bond breaking by highly excited electronic states may cause an absence of
strong transitions to the CO-stretch levels. When non-CO stretch bands are pumped, the
DF spectra are dominated by progressions of combination bands of the CO stretch and the
pumped modes as a result of Duschinsky mixing.
Furthermore, LIF and DF spectra often contain transitions that gain intensities from
vibronic interactions. For instance, in LIF spectra of branched alkoxy radicals, such as
isopentoxy, we observed low-frequency vibrational progressions that are assigned to the
pJT-active CH2O-wagging mode. In all cases, (except 1-MCHO), the DF spectra are
dominated by CO stretch progressions when the origin bands are pumped and by the
progression of combination bands of CO stretch and the pumped modes when other nonCO stretch bands are pumped. Simulated spectra using calculated vibrational frequencies
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and FCFs well reproduced the DF spectra. The observed transitions were assigned on the
basis of vibrational frequencies and FCFs predicted by quantum chemical calculations.
Intensities of vibronic transitions in the DF spectra are dependent on the LIF bands pumped
in the experiment, which have been explained by the difference in geometry and symmetry
between the lower X̃ / Ã states and the highly excited B̃ state. Differences between DF
spectra obtained by pumping different vibronic bands also suggest that for these free
radicals have at least two lowest-energy conformers generated by 355 nm photolysis under
jet-cooled conditions. Intensities of vibronic transitions in the DF spectra are dependent on
the LIF bands pumped in the experiment, which have been explained by the difference in
geometry and symmetry between the lower X̃ / Ã states and the highly excited B̃ state.
Detailed spectral analysis of MCHOs enhance the understanding of vibronic interaction
mechanisms such as (pJT) effect.
DF spectra of 1-MCHO are significantly different from those of the other three
positional isomers. Both chair-axial and chair-equatorial conformers of 1-MCHO has
strong progressions that involve both CO stretch and C-CH3 stretch modes. Such difference
is due to different positions of the methyl group on the six-membered ring and the steric
interaction between the CO bond and the methyl group of 1-MCHO.
We produced 1-, 2- and 3-methylallyl peroxy (MAOO·) radicals by 193 nm
photolysis of methyl-substituted allyl chlorides in the presence of O2 and detected them
using room-temperature CRD spectroscopy. The vibronic structure of experimentally
observed spectra was simulated. The reaction intermediates for the production of 1- and 3MAOO· radicals, CH3CHCHCH2, is a resonance-stabilized free radical. CRD spectra of 1and 3-MAOO· radicals obtained using different precursors (1-chloro-2-butene and chloro209

1-butene) suggest that allylic rearrangement between the two resonance structures
(CH3CH=CHCH2· and CH3CH·CH=CH2) is significantly faster than oxygen addition. The
branching ratio between the terminal and non-terminal oxygen addition to forming 1- and
3-MAOO·, respectively, were predicted to be 52:48 on the basis of calculated spin
densities, which agrees qualitatively with the experimental CRD spectra of the two peroxy
isomers.
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